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16225 REFUSE-TO- ENERGY WASTEWATER o 


treatment plants 


_ ABSTRACT: Wastewater treatment technologies are evaluated for their potential 
utilization at waste-as-fuel (WAF) and refuse-derived-fuel (RDF) facilities to treat 
waterborne pollutants. The principal WAF/RDF wastestreams contain the following: 
organic pollutants (BOD,;, COD, and TSS) in concentrations up to 100,000 mg/L at 


_ pyrolysis units; organic priority pollutants in concentrations up to 100 mg/L at 


pyrolysis and digester units; and trace metals in concentrations up to 1,000 mg/L in 
incinerator scrubbers. The efficacy of aerobic, anaerobic, and physical-chemical 
facilities to treat the wastestreams from incinerators, hydrapulping facilities, pyrolysis 
units, and digesters is projected from documented experiences. Based on this analysis, — 
~ potential treatment trains are recommended to render the wastestreams acceptable for 
to owned treatment works or ambient — 
Journal of the Energy Division, ASCE, Vol. 107, No. EY1, Proc. Paper 16225, May 


16231 LEACHATES FROM SOLID WASTE ASTE RECOVERY ENT 


ing 


KEY WORDS: S: Ash content; Environmental effects; Environmental 

engineering; Groundwater quality; Leaching; Pollutants; Sanitary landfill; 
Solid waste disposal; Waste disposal; Waste recycling; Water pollution — pene 
ABSTRACT: Conversion of urban solid waste to energy often produces solid “in 
that require subsequent disposal. Generally they are placed in ash ponds, spread on 
land, or placed in sanitary landfills. These residues were studied, and the potential % 
environmental problems associated with their disposal were assessed. Peak 
concentrations of various leachate constituents exceed permissible discharge ee 
These materials leach rapid!y from the residues so that the total leached mass per unit 
_of residue is quite small. Therefore, some type of treatment of ash pond overflow may 
be required if controlled = not constitutent concentrations below 


permissible discharge levels. 


REFERENCE: Rademaker, A. and Young, James C., “Leachates from Solid 


KEY WORDS: Capacity; Cost comparisons; 


a in New England in the period 1960 to 1976 is presented and compared to national and 


_ Waste Recovery Operations,” Journal of the Energy Division, , ASCE, Vol. 107, No. 


16229 SMALL-S¢ SCALE HYDRO IN NEW ENGLAND: 1960-1976 
Electric power costs; 

- Hydroelectric power generation; Hydroelectric powerplants; Hydroelectric 
resources; New England; Powerplants; Size; Time factors 


ABSTRACT: AY review w of the. capacity y and licensing g data on small- scale hydro (SSH) 
regional hydropower data. Costs of electricity data are also reviewed. Major findings 
are that until recently New England has followed the past national trend of decreased — 
interest in both large-scale hydro (LSH) and SSH and of retiring small, inefficient 
plants. Generally, LSH has been used for peaking, SSH for run-of-the-river. Most of 
the present capacity in New England is privately owned; little is state or municipally 
owned. Since the interest in hydropower is inversely related to the costs of alternatives 
for producing electricity, it appears that the recent in 
munici al and rural coo’ interest seems articular! strong) = r 
, “Small- Scale ‘Hydro in New England: 1960-1976,” 
Journal of the Jase Division, ASCE, Vol. 107, No. EY1, Proc. Paper 16229, May, | 


1981, pp. 31-39 | ‘of th: Tienes 
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Refuse; Technology assessment; Waste recycling; Wastewater (pollution); 
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16228 OPTIMIZATION OF PUMP TURBINES 

KEY WORDS: Aerodynamics; Cavitation; Design; Excavation; Impellers; —— 


Losses; ene Pumped storage; Pumping; Pump turbines; Speed; 


"plants with te efficiency, cavitation, and excavation costs, 
computation has been devised which includes a new system of determining © type 
number and impeller outside diameter. An example employing data applicable to a a) 
modern pump turbine—Rodund 2(Austria)—reveals computed results that are well in © 
conformity with actual values as regards the impeller outside diameter and operating q 
data. The method of computation makes use of coefficients pertaining to viscous flow, 
cavitation, aerodynamics, and the geometrical dimensions of the runner vanes. 

_ Furthermore, special operational features of pump turbines are presented, the latter a 
requiring additional considerations i in design. 
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16261 RIV ER THERMAL STANDARDS Costs IN UPPER MIDWEST 


KEY WORDS: Computer models; Cooling; Design; Economics; Evaporation; 


Mississippi River; Missouri River; Powerplants; Rivers; Tomperetere; — 
Thermal factors; Thermal measurements; Thermoelectric power genera pa 
WwW aste heat; Water consumption = 


' ABSTRACT: Thermodynamic and economic models are combined to riers river 7 


thermal standards. Existing and hypothetical thermal regulations, including the extreme _ 
cases of no thermal standards and no allowable heated discharges, are examined to 
show the dependence of power-production-related cooling costs and water consumption — 
on thermal standards. A critical appraisal of the cost of thermal standards in terms of 
water consumption and other expenses is thereby possible. This enables subjective 
assessments of the standards to proceed with full knowledge of the tradeoffs involved — 
between the costs of power production and environmental impacts. Results are 
presented for existing and proposed power plants located along the Missouri and 
Upper | Mississippi ‘Rivers » in the in the Midcontinent Area Area Power Pool (MAPP) geographical 


REFERENCE: Croley, Thomas E., I, Giaquinta, Arthur R., and Woodhouse, Robert Pe 
_A., “River Thermal Standards Costs in Upper Midwest,” Journal of the — 


_ Division, ASCE, Vol. 107, No. EYI, Proc. roger 16261, May, i pp. 65- Pe 


KEY WORDS: Environmental engineering; Fish passages; Fishways; | aco RA 
distribution; Inlets (waterways); Ocean engineering; Offshore — 


ABSTRACT: The developmental work on louvered offshore intakes is presented. The 
oo studies included: (1) Preliminary studies in a test flume, capped with plexiglass, _ 
and equipped with 15 L-shaped louvers; (2) a 1:9 scale hydraulic model to study the 

flow distribution along various louver geometrics, louver array angles, and location of , 

the base-wall; and (3) 1:1 (full) scale model testing with live fish. The biological test 

“results were variable and ranged from about 91 to 23 percent. The concept is unique is 
_ unique and requires further development prior to being considered a practical solution 
_ for fish diversion. The study is presented to report on the developmental work done to 

REFERENCE: Mussalli, Yusuf G., Taft, Edward P., Larsen, Johannes, and Toennies, 
aa M., “Louvered Offshore Intake for Diverting Fish,” Journal of the Energy Division, a 


ASCE, Vol. 107, No. EY1, Proc. Paper 16259, 1981, pp. 
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16264 METHANE GAS UTILIZATION FROM LANDFILL SITE tt 
KEY WORDS: Economic analysis; Energy conservation; Gas recovery; Gas 
_ wells; Greenhouses; Methane; Pumping; Sanitary landfill; Systems 


hbase. “The” results are described of a case ‘study of a ‘gas extraction — 


- utilization system located on a sanitary landfill site. The system includes the following: 
_ a 0.9-m-diameter gas extraction well, gas monitoring probes installed radially from the _ 
_ well, a continuously operating gas pump, waste gas outlet, and an onsite greenhouse 
heated by a modified forced air gas furnace. The recovery of landfill gas is both 
_ feasible and economical, even in an unprocessed state. The system operating 
_ characteristics for a 5-month period in the winter of 1979 are provided. nas sight q 
REFERENCE: Crutcher, Anthony J., Rovers, Frank A., and McBeam, Edward A., q 
ee Gas Utilization from Landfill Site,” Journal of ‘the Energy Division, ASCE, 
107, No. EY1, Proc. Paper 16264, May, 1981, pp. 95-102 
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16233 CLAMPS AND FATIGUE OF CONDUCTORS 

WORDS: Aeolian vibration; Clamps; Dynamic stress measurement; 4 : 
Experimental data; Fatigue tests; tests; 


ABSTRACT: The of an testing program, aimed at ‘evaluating 
a relative conductor fatigue damage mitigation performances of some overhead 

7 | suspension clamps, are explored. Three different support clamps are examined: short- 

: | radius, medium-radius, and long-radius. Theoretical considerations and equations that © 
define both static and dynamic conductor stresses are presented. Emphasis is placed on 
stresses at, and caused by, the suspension clamps. Aeolian vibrations were simulated in 
laboratory testing by mechanical vibrations imduced at the natural frequency of the 
conductor. The testing was limited in scope to three identical test specimens per | 
support hardware with the major vibration parameters held constant. The long- radius 
suspension clamp was substantially superior to the others tested at minimizing 

REFERENCE: Ramey, George E., and Townsend, John S., “Effects of Clamps on 
of ACSR Conductors,” Journal of ~ Division, ASCE, Vol. 107, No. 


WORDS: : Cost effectiveness; Economics; Energy conversion; 


Forecasting; Fuel oil; Industrial plants; Linear programming; Nonlinear 
Optimization; Systems engineering _ 
“ABSTRACT: Application of renewable and energy conversion 
-s technologies are forecast for medium and large industrial facilities. Data are obtained | 
3 from an optimization model that determines the least, life-cycles cost energy supply 
system for an industrial facility. Optimal solutions were composed of integrated 
combinations of energy conversion technologies. Besides being more cost-effective than 
status quo systems fired exclusively on fuel oil, the optimal! integrated systems displace 
a significant percentage of fuel oil. Energy conversion technologies that participate in 
the optimal solutions for medium and large industrial facilities include: fluidized-bed — 
coal combustion, cogeneration, oil-fired systems, with smaller contributions from refuse 
_ derived fuel systems. Oil-fired systems participate only in a peaking capacity wherever | 
coal combustion is permitted. Otherwise, the status quo systems are forecasted to 


REFERENCE: Shugar, Theodore A., _ Jackson, Michael D., and Anderson, Steven 
“Optimization of Integrated Energy Systems,” Journal of the Energy Division, ASCE, 
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‘ORDS: Dynamic characteristics; ‘Equipment; Nozzle flow; Nuclear 
power plants; Pressure; Qualifications; Safety design; Temperature; Tests; 


| spermacn Special requirements for the qualification of safety-related equipment - 
. | presented. The importance of the simultaneous application of all concurrent loads (e.g., = 

vibratory motion, temperature, pressure, nozzle loads) is explained. In addition, reasons 

| are given for the simultaneous application of the three components of the vibratory | 
i motion. Attention is drawn to the need for the test response spectra closely enveloping 4 ; 


_ higher than the frequency at the onset of the rigid response in the soquies response 
REFERENCE: Kar, Anil K., “Equipment Qualification: Special Considerations,” 
4 Journal of the Energy Division, ASCE, Vol. 107, No. EY1, Proc. Paper 16226, May, 
‘1381, pp. 141-148 


the required response spectra. The input motion should not have frequency contents a 


16258 DOMESTIC WATER TO COOL POWER PLANTS 

KEY WORDS: Conveyors; Cooling system design; Cooling systems; Cooling tte 
water; Domestic water; Ecology; Powerplants; Thermal pollution; Thermal Ta C ae 
power plants; Thermal Water; Thermoelectric power generation; W ater ont 

_ ABSTRACT: A new method, “Once ‘mnie Conveyor (OTC)” for cooling inland _ 
thermal power plants is proposed. It involves the Gaenian of water from an existing 
domestic supply network through the power plant condenser and back to the network. 
Since natural water sources are not being used, the problem of ecological disturbance, _ 

due to the increased temperature of the water, does not arise. Increased salinity in 
open reaches, due to greater evaporation caused by the higher temperature, is 
calculated to be insignificant, and no contamination by any toxic pollution is 
anticipated. This is well above the anticipated needs in the area by the year 2000. The 
OTC method is more energy efficient, cheaper, and less environmentally intrusive than 
other commonly used methods. This method may be highly suitable for the cooling of 
Power er plants built close to adequate water supply sy stems. | 

Sinai, Gideon, Jury, William A., and Stolzy, Lewis H., 
- Water Supplies for Power Plant Cooling,” Journal of the Energy Division, ASCE, Vol. 
No. EY1, Proc. Paper 16258, May, 1981, pp. 149- 


16278 OCCURRENCE PREDICTION OF “ACID Chand 

KEY Ww ORDS: Acidic Acid ‘mine water; Drainage; Excavation; 
Leaching; Mines (excavations); Mining; Monitoring; Rock excavation; 


| ABSTRACT: During some land excavations, sulfide minerals are exposed to the 


; atmosphere, and they oxidize and subsequently produce acid drainages. A method to 
= - monitor rock characteristics and to identify potentially acid-producing strata has been 
+ developed. Samples of dark shales were exposed to simulated weathering tests and 
1 periodically leached with deionized water, simulated acid rain and acid mine drainage. — 
_ The leachate quality was monitored and related to the whole rock analysis. Samples - 7 
| with low concentrations of calcareous material and low total sulfur contents produced a , 
| mildly acidic leachates when leached with water and acid rain. Samples with high i 
‘| concentrations of calcareous material and high sulfur contents were found initially to 
4 8 neutralize the simulated acid drainage and generate acidity. “ strong relationship was 


and Pelletier, Mike, 
“Occurrence and Prediction of of the Energy Division, 
_ ASCE, Vol. 107, No. EY1, P P. 16278, M 19 167-178 | 
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The fu fuel shortage of late 1973 and the subsequent dramatic increases in fuel 
> prices have resulted in a major effort to find alternative sources of energy. 
- One possible source of energy is the solid waste generated from municipal, 
agricultural, and forestry operations. ‘Although the composition of these wa wastes 
_ ‘vaties widely with the type of enterprise, consumer habits, geographical location, 
- time of year, and numerous other factors, the waste streams invariably contain 
a high organic content which can be either combusted directly or converted % 
| conventional fuels. During the conversion /combustion process, air and water 
pollutants are generated, and must be treated prior to release from the waste- “as- 4 
fuel (WAF) site. This ‘paper presents concentration ranges” for the m: major 
waterborne pollutants, and considers available treatment steps to remove them. 
Hopefully, WAF facilities can be designed and operated to minimize pollutant nt 
discharges and to effectively treat any residual wastestreams. ai 


yo two-step procedure is followed in processing refuse into useable fuel: (1) 


4 _ Preprocessing; and (2) conversion. Preprocessing consists of a series of physical — 
_ operations which size, classify, and segregate the raw refuse into useable fractions. 
_ ¢ Conversion consists of one of the following f four-unit operations: (1) Combustion 4 
(mass incineration or firing); (2) pyrolysis; (3) anaerobic digestion; or (4) 
-methanation. Froma water pollution control standpoint, filtrate from hydrapulping 
incinerator scrubber washwaters, pyrolysis condensate, centrate 


from anaerobic digesters, and leachate from landfills (methanation) constitute _ 


the major sources of wastewater, 
- The extent of water use and wastewater Production are primarily dependent 


upon ‘the type of process | utilized for preparing the municipal solid waste msw) 
and the actual combustion process itself. Wastewater streams range from very 
small quantities of high-organic demand wastewater, such as that associated 


_ “Presented at the April 14-18, 1980, ASCE Annual Convention and Exposition, held 
at Portland, Oreg. (Preprint 80-025), 
"Supervising Engr., James M. Montgomery Consulting Engrs. .» Inc., 555 East Walnut 
& Note.—Discussion open until October 1, 1, 1981. To extend the closing date one month, 
a written request must be filed with the Manager of Technical and Professional Publications, 
, ASCE. Manuscript was submitted for review for possible publication on April 21, 1980. . 
This paper is part of the Journal of the Energy “~~ Proceedings of the American 
Society of Civil Engineers, ©ASCE, Vol. 107, No. EY1, May, 1981. ISSN 0190- 
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with t condensate of pyrolysis | units, to relatively large of low-organic 


demand wastewater, such as that utilized to sluice ash residue from mass burn 


- combustors. Four major categories of pollutants were identified in the waste- 


streams at WAF facilities: (1) The organic surrogates, i. e., biochemical oxygen 
eumal, carbonaceous oxygen demand, and total suspended solids (BOD a COD, 


water body; (2) the mineral quantity, specifically corrosive agents such as chlorides be 
and sulfates, and the hydrogen ion concentration; (3) the organic priority pollutants _ 
including total organic carbon and total organic nitrogen; and (4) the heavy-metal 


7 priority pollutants. While in n most cases, good ¢ data were available on the organic 


effects on wastewater treatment, but these conditions ‘must be evaluated on 


surrogates and the mineral quality of wastewater - produced at refuse-derived-fuels — 

(RDF) and WAF facilities, very little information was available on the organic — 

Say 


= 


almost exclusively on whether wet or dry preprocessing steps are utilized. In _ 
dry preprocessing operations, wastewaters are produced in small quantities at 
_ only a few locations. Water is used rarely in the actual process since any moisture — 
added to the RDF must be eventually evaporated in the conversion facility. 
The primary uses for water are dust control, fire fighting, and clean-up activities. 
Water is also used occasionally in some types of material separation units, 
such as those recovering aluminum and glass. Wastewaters primarily cane 
from washdown operations, drainage from storage pits, and the aforementioned 7 
_ materials recovery processes. Trash confined in the storage pit may leach eo 
7 compounds such as pesticides and organic solvents which can have adverse — 


an individual basis and treated accordingly. In most cases the wastewater from 
dry preprocessing operations can be discharged safely to sanitary sewers. soda 7 
_ Incontrast to dry preprocessing, wet preprocessing or pulping of MSW involves 
placing the material into a large hydrapulper, analogous in operation toa household 
garbage grinder. A thick slurry of MSW is formed with heavy particles of 
ferrous materials and other nonferrous materials separated by centrifugal action. 
Pn. slurry, containing the organic fraction, glass, and small pieces of metal, 
is segregated into light and heavy fractions via liquid cyclone. The light organic — 
- fraction is dewatered by screening and pressing, and the liquid waste stream 


. is recirculated to the pulper. The dewatered pulp can be — and dried = 


for use in paper products or burned for energy production. = 
_ Depending on the combination of energy recovery and materials separation, _ 
_ water is required for pulping, cleaning, equipment cooling, and resource recovery. 
In most cases the quality of water is not critical, which permits the use of 
~~ supplies such as sewage treatment plant effluents and sludges. By 
far the largest quantity of water is required by the hydrapulper. Water hol 


Two sources of wastewater exist in the ivalsiiitin: system: :( 1) The blowdown 

fi rom the recycling hydrapulper system; and (2) the filtrate from the sludge /slurry 
mixture which has been dewatered in the thickener and cone press. a hese = 


| 
. = TSS), which measure the oxygen demand of the wastewater on the receiving - ; 
‘ olde On 1 - ate Onera On Cenend 
q 
= 


wastewaters are characterized by volume and 1 high organic content 


ms 
 -& Following preprocessing, the MSW is either directly combusted or converted _ 
into fuels for combustion. -Wastewaters are generated in the two principal — 
combustion Processes, i » the n burn incinerator "and the boiler; 


processes produce fuels for combustion. 
_ The wastewaters from combustion processes consist primarily of site drainage © 
TABLE 1.—Summary o 


Streams (21) 


BOD 
and grease 
“Mineral 
“Na? 


$0; 


Rand 


> 


an Priority pollutants: organics 
Priority pollutants: metals _ 


and washwaters, quench and sluice waters, boiler blowdown, and scrubber 
effluent. The first three categories of wastewater are generally small in quantity 
or of low strength and can be discharged directly into sanitary sewers. The 
_ largest quantity of water is used for scrubbing exhaust gases. Waterwall incinerator 
a facilities help keep water use to a minimum by using electrostatic precipitators _ 
and dry handling systems for ash. While electrostatic precipitators are preferred — 
_ from a water pollution control viewpoint, nevertheless wet scrubbers may be | 
required for the removal of gaseous chlorides and SO, in order to meet air 4 
quality standards. The scrubber waters are generally acidic, with a pH in the © 
ma of 2.5-5.0. The total solids concentration varies from 500 mg/L-7,000 


mg /L ne about sie 85% being dissolved solids. The chloride, see sulfate, 


| 
| Concentration, in milligrams per liter ah, 
Blowdown Thickener wastewater 
| @ 
| 
8,954 «6,799 
| 
i 


increased after passing through the scrubber. Furthermore, the scrubber waste- — % 
4 waters often contain high concentrations of trace metal priority pollutants ao 
which must be removed prior to discharge to either the sanitary sewer or the 
¢ ambient receiving water (see Refs. 1, 3, 8, 10, 12, 13, 19 and Table 2), ts 7 
Pyrolysis involves heating a caeaeeauvaas MSW toa o a sufficiently high tempera- a 
TABLE 2. —Summary of Significant F Pollutants Identified in Incinerator Waste Streams soe 


and phosphate concentrations of the incoming raw water are ee = 


Peremeter Quench water Scrubber water 


19-1,499 

20-1,250 
10-710 


Priority pollutants: organics 


Combined flows up to 2,000 L/min. 
ture in a low-oxygen environment so that the organic components break down .% = 
_ chemically. The heat for pyrolysis of MSW usually is obtained by totally oxidizing 

_ part of the refuse. The pyrolysis reaction produces three components: (1) i) 
> gas consisting primarily of hydrogen, methane, carbon monoxide, and carbon * 


| dioxide; ® an or liquid ‘fraction which contains organic: chemicals such 


k 


WASTEWATER TREATMENT ae 


organic cope and ( (3) a solid char fraction consisting of unburned carbon i 
plus inert materials such as glass fe 
es is used in pyrolysis plants for cooling, ¢ gas scrubbing, char quenching, _ 
_and miscellaneous housekeeping. Wastewater streams of major concern are those Ps 
collected from scrubbers, condensers, and other gas cleaning devices. These = 
wastewaters usually are high strength and contain a variety of organic 1 —_ 
formed during the pyrolytic reaction or vaporized from the raw RDF. A BOD, : 
in 50,000 ppm-100,000 ppm is by water-soluble organics such 
TABLE 3.— mary of a toe Pollutants Identified in Pyrolysis Waste Streams | 


Concentration, in milligrams per liter 


30-1 


Total 
are 


4 H units 
Priority pollutants: organics 
Phenol 
4 2-4 dimethyl ylphenol bart 
Benzene 
4 Ethylbenzene 
Naphthalene 
Priority pollutants: metals westis 


z for conventional activated sludge and must be pretreated by other processes. — 
In addition to the high organic strength, the pyrolysis condensate is characterized © 
by high concentrations of organic priority pollutants such as phenol, benzene, 
and toluene; the gas scrubber waters are characterized by high ‘pp | 
_ of trace metal priority pollutants (see Refs. 2, 6, 20 and Table 3). eo acd) 1 : 


_ Anaerobic digestion of sewage sludge to produce methane gas has been a 


| 
Pyrolysis condensate and gas scrubber water 
— 
Flow, in liters per minute to 250 differ wk 
a “Data are based on ‘“‘once through”’ use of scrubber od) 
— 


common practice in sewage treatment,  howéee, anaerobic digestion of MSW 
. is only in the developmental stage at this time. A system for digesting the = 
- organic part of municipal trash in a mixture with sewage sludge is currently 
_ Under shakedown testing in Pompano Beach, Fla. Two wastewater streams are ~ 
r anticipated: (1) Storage pit drainage; and (2) liquid effluent generated from 
dewatering the digested sludge. No data are available on the composition of — 
_ these waste streams when MSW is digested with the sewage sludge. We anticipate __ 
: that the dewatered filtrate from the digestion of combined MSW / sewage sludge — 
will be similar to that which exists at normal sewage “sludge digesters. Thus, _ 
the wastewaters will be characterized by high BODs, in the range 500 mg / L-10,000 2 
mg/L and high concentrations of organic priority pollutants, in the range of 


650 0 me/L- 3,800 mg/L (see Refs. 9 and 15 and 


TABLE 4. —Summary of Significant Pollutants identified i in Digester 


_ Concentration, in milligrams per liter 


. 
500-10,000 


i 


Priority pollutants: organics 

—_ Flow, in liters per minute 

= In summary, y, although many sources of wastewater ‘exist at at RDF and WAF P 

facilities, the quantities and strengths of the wastewater are often small. 

Consequently, these wastes can usually be discharged directly into the sanitary _ 

_ sewer or held for a brief period in an oxidation pond before discharge to ambient 

"receiving v waters. In addition to these small insignificant | sources, we found © 

several major waste streams generated in RDF/WAF facilities. The exact 

= and strengths of these wastes are highly dependent upon the operating q 


_ characteristics of the particular facility. Important considerations in the — 
_ of these wastes are: (1) The local ambient water quality standards; and (2) 


Organic surrogates: §|.§ | | - a 
“3 
q 
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4 The major waste streams of concern, associated with current RDF/WAF i, 

> 


Filtrate from ithed dewatered subsystem of the hydrapulping wet preprocessing 
7 facility. —This } wastewater is characterized by moderate BOD, /COD (less than - 
10,000 mg/L), moterete suspended solids (less than than 10, 000 90 mg /L), and 
pH @H less than 7. 0). 
characterized by very high (greater than 10,000 mg/L) BOD, /COD, low (less 
- than 1,000 mg/L) suspended solids, and high organic content, paisa phenols — 
-amdbenzene compounds, 
3. Filtrate and supernatant from anaerobic digesters—These wastewaters are © 


characterized by high (greater than 10, 000 mg/L) BOD, /COD, high (greater _ 
10,000 mg/L) suspended solids, and neutral pHs. 
4, Gas scrubber effluent from combustion facilities. These wastewaters are 
characterized by low (less than 1,000 mg /L) BOD, /COD, low (less than 1,00 1,000 
mg/I L) suspended solids, variable pH, and the presence of heavy metals. i ae il 


of concert 


The efficiencies of ADE to the identified 
waste streams are considered in the following paragraphs. 

As presented earlier, the principal waterborne emissions are the organic 
_ surrogates (BOD,, COD, TSS), the organic priority pollutants, and trace metals. 
_ The first two are efficiently treated with biological processes, either aerobic 


or anaerobic, whereas the latter are successfully removed via physical-chemical — 
processes. Physical-chemical methods are also effective in removing organic 
surrogates but the total cost is higher than with usual biological processes. ’ 
it Similarly, some adsorption and removal of trace metals occurs in biological — 
processes, but this removal is incidental to the real purpose, i.e., the conversion § 
_ of soluble organic material into microorganisms and gas. 


Waste streams identified as quench water, sluice water, and ash pond effluent | 
associated with mass burn and cofiring incinerators are readily treated with 
= control technology. Other waste streams such as the scrubber waters | 
at mass burn and incinerator facilities and digester supernatants at anaerobic 
digester facilities appear amenable to treatment via physical-chemical and aerobic — a 
processes, respectively. Which of the two control ‘Processes would: 
may be required in tandem should be investigated i in pilot studies. _ The remaining» .. 
two waste streams, the pyrolysis gas scrubber water, and the thickener wastewater - 
from the hydrapulping process have far greater strengths than normally associated 
_ with domestic wastewater. Pilot plant data (5,7,11,14,18,22) indicate that these 
wastewaters should be amenable to treatment by anaerobic processes; the 
pyrolysis gas scrubber water being especially adaptable to the anaerobic filter 
treatment process because of low suspended solids and elevated temperatures, 


- process because of its high suspended solids. Both of these treatment poceeee 
a 


| 
the hydrapulping wastewater being amenable to the anaerobic biological contact — 
Operating parameters and applicability to parucular waste streams. 
= Aerobic biological processes can be applied effectively to any of the organic” 


pollutants i identified earlier. Pirates conditions, the | soluble « organic matter 
in a waste stream is converted into active biomass. Organic removal efficiencies — 
of aerobic processes range between 80% and 90%. The removal efficiency of * q 
4 soluble organic material from the liquid phase is actually greater; however, a 
a enough solids escape the final clarification process to reduce the overall ef: ficiency. 
_ The efficiencies of the various treatment steps considered herein in removing ‘> 
4 significant pollutants from pertinent industrial discharges are presented in Table 


TABLE 5. .—Efficiency of Treatment Processes in 1 Removing Significant Pollutants from 


Industry /Level 


secondary 


Carbon 

~~ 
Anaerobic filter 
Steam electric power: 


Biological 


 seconda 

bes 

Pulp and paper; 

Primary te 

Biological 

Anaerobic filter 

Steam supply and cooling: 


> 
« 


& 


Organic chemicals: 


secondary 
Carbon adsorption 


Plastics and synthetics: 
Biological 
secondary 
Food Processing: fa 
Anaerobic filter 
Pharmaceutical: 


Anaerobic 


Wastewater treatment plant: 
Anaerobic filter 


5 and Refs. 4, 16, and 17. The listed industries edetecssiet wastestreams similar 
to those encountered in RDF-WAF facilities. 
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| | BOD | COD grease Phenol Sulfide 
30-60 |20-50| s0-80| 60-95 | 0-50 
40-99 | 30-95 | 20-85 | 50-99 | 60-99 | 0-99 | 70-100 
40-70 | 20-55] 75-95 | 65-95 | 5-20 
70-98 | 70-94] 60-90} 70-95 | 90-100 oi 
| antici 5 4 
J th icipated removal efficiencies of various treatment processes, pilot plant j 


studies are e recommended to verity removal efficiencies and to determine whether | 
linkage of processes in series is required to meet discharge standards. “The 
pilot studies would investigate the effectiveness of aerobic, anaerobic, and 7 
_ physical-chemical processes in obtaining the desired effluent quality. _ sbeobot 
Two main aerobic processes are available: (1) Filters; and 2) activated 
termi 
7 top surface of the filter. Natural rocks or ceramic or [ plastic fill material have 
been successfully used as filter media. Air is circulated through the filter either 
by natural convection or forced draft to maintain aerobic conditions throughout 
= depth of the media. A diverse population of microbites and microlutes live — ra 
on the surface of the media and utilize the waste either sata or as high - 
In the activated sludge p process, the is dispersed in the 
liquid phase. The population is less diverse but more concentrated than in a 
biological filter. Air is introduced into the liquid phase to maintain aerobic 
_ conditions and to keep the microbial population in suspension. Organic removal — 
3 in activated sludge can be improved by increasing the number of microorganisms 
i in the mixed liquor or the period of contact of the waste with the microorganisms. _ 
In order to provide flexibility in the operation . of an aerobic pilot plant, both 
‘the biofilter and the activated sludge processes should be constructed. The 
Rologia filter can be selectively inserted into the treatment train in front of - 
the aeration tank. In addition to overall increased efficiency, the diverse biota - 
of the biological filter are resistant to shock loadings and toxic elements, thus — , 
: affording | a degree of protection against upset not available in an activated 
sludge process alone. The effective depth of the biological filter can be varied, 
as can the amount of flow path of recirculation within the filter. Waste streams | . 
with high COD will probably require the use of a biological filter as a first _ 
stage roughing filter prior to activated sludge treatment. = | 
_ The activated sludge aeration stage should be designed as a completely mixed 


4 


reactor; a configuration suitable for high organic loads and easy operation. The 

- aeration tank should be divisible into four compartments to facilitate variation 
7 of aeration time. The aeration system can be converted from air to pure oxygen. 
ta Anaerobic treatment is well adapted to target waste streams containing high © 
concentrations of organic surrogates. An exception to this statement is the digester 
_ supernatant, where the efficacy of treating the effluent from an anaerobic Fs 
treatment system . with another anaerobic treatment system is _ dubious. The * 

_ efficiency of anaerobic processes appears to increase with higher concentrations 

| an of organic surrogates and high temperatures in the anaerobic reaction vessel. 
an ‘Thus, an anaerobic treatment process is ideally suited for a warm, concentrated — 
waste stream. The pyrolysis waste is the primary candidate for anaerobic treatment _ 
because of its concentration and elevated temperature. Another | likely candidate | 

is the hydrapulping waste stream. beregis sewn! od 

_ Based on the available data for waste streams at WAF facilities, two anaerobic 

tr reatment processes are recommended for construction in the anaerobic pilot | 
plant. These processes are the anserobic filter and the anaerobic contact chamber. — 
4 the anaerobic contact process, the solids retention time is increased by 


recirculating sludge removed in the secondary sedimentation t tank. The anaerobic 
filter, on the other hand, retains the sludge within the primary vessel; both 
on the media and between the voids of the media. In anaerobic poonetat the 


| 
i 
i] 
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‘conversion of soluble or; organics to ‘gases is high; 80% gas (CH, to 20% 
sludge production is not uncommon. Because of this, anaerobic processes can 
treat large quantities of organic waste with only a moderate build up of sludge. 
Indeed, low sludge generation and methane production are the two major 
advantages of anaerobic treatment, as opposed to aerobic treatment, which 
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FIG. 1.—Aerobic and Anaerobic Seton Processes followed b by Physical ne 

Treatment oe be Investigated in Treatment of Hydrapulping Wastestreams | 


=— large quantities of sludge and requires continuous energy input. a 


| att review showed only one full-scale operation of the anaerobic filter — 
4 and no full-scale operation of the anaerobic contact chamber. Despite these 
I q limited operations, both processes have ‘significant advantages over aerobic 


q 
j 
g 
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“The anaerobic filter is simple to ‘operate, does not sludge 
Cg recirculation, and requires construction of only one vessel. The anaerobic contact — 
ae chamber can handle large suspended solids loadings with excellent methane . 

production. ‘he oF Spctatiog of Uae 
a The physical- -chemical treatment process is — — to > the a a 
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FIG. 2.—Both ‘Aerobic an ond [Should be 
Investigated in Treatment of Scrubber Waters (Table 2)} 
an effluent acceptable for discharge to ambient receiving waters. = eS 
Since a physical-chemical pilot plant may be used in a tertiary role as well 
as by itself, the flow must be compatible with the other pilot plants, 7 


4 


[ @8€=8§©6©-s« be Combined with either the aerobic or anaerobic treatment processes to produce 
— - 
7 in the tertiary treatment mode, individual unit processes can be inserted or 
; 4 removed as desired. The unit processes of flocculation, sedimentation, filtration, — 
a and carbon adsorption should be provided in the physical-chemical pilot — 


1981 


variables that can be controlled for purposes are: 
(+) Th The chemical dose—variation in amount and type of primary coagulant and 


filter @! energy input, time, and sludge- 
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~ 
INTERMEDIATE. 


INTERMEDIATE 


rad 


FIG. and "Anaerobic Treatment Processes, Operated in Series and 


Parallel be Investigated in Treatment of Pyrolysis Wastestreams (Table 3)] 


q 7 
| 
<i> 
“ae 
adsorption—contact time in the adsorption column. Yel, 4 
I 3 Unlike the biological units, the physical-chemical pilot plant does not require =ss&& 
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a period of cell growth and ay upon startup. Most modifications to 
the treatment process can be accomplished in a matter of minutes. Housin ng 
the -physical-chemical processes in a separate trailer will provide addition 
: ene in the sequential or concurrent operation of the different processes 


CLARIFIER 


| “mor 
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«FIG. 4 and Physical Chemical Treatment (Should b be Investigated 
_ Based on the wastestreams generated in a ‘tuattaies, and the available 
wastewater treatment processes and efficiencies, combinations of treatment 
Processes may be bong to : achieve the effluent limitations for discharge t to 


ink 
| 
acceptable for discharge to a publicly-owned treatment 


works (POTW). However, in n virtually all cases, a ‘physical- process 
ti following either an anaerobic or aerobic process will be required to polish the ix 
effluent and thereby meet discharge standards for surface waters, 
For hydrapulping waste streams, either anaerobic or aerobic processes should a 
be effective in producing a 30% fe nayproni in the high BOD and COD of epredl 


anaerobic filter, ‘and the anaerobic contact chamber ‘will be operated in 1 parallel 9 
along with the aerobic pilot plant, consisting of a roughing filter and activated 
sludge aeration. Based on the efficiencies of these processes, the effluent should | b= 
be acceptable for discharge to POTW. For discharge to surface waters, -_ 
physical-chemical pilot plant must be utilized to — both 
and inorganic contaminants (Fig. 1). 
For contaminants identified as occurring in incinerator or boiler scrubber — 
_ either aerobic or physical-chemical processes should be effective in 
treating the relatively low BOD waste streams. The physical-chemical pilot plant 
_ should effectively reduce both the organic contaminants and the trace metal 
concentrations to levels acceptable for discharge to surface waters. The aerobic _ 
treatment process will probably require subsequent polishing via -physical- -chemi- | 
cal processes to remove trace metal opnenens to levels acceptable for discharge | 


_ The waste streams produced in the condensation of gases ond the separation | 


of pyrolysis fuel oils from the scrubber oil are the most difficult to treat. Based a 
on the very high BODs and the low suspended solids from this WAF process, 
_ the anaerobic filter ; appears ideally suited for the initial treatment step. To date, a 
the anaerobic filter has been utilized only once in full-scale operations and 
- consequently the pilot plant data will be especially valuable in the development __ 
4 this innovative technology. The anaerobic contact process will run concurrently a 
with the anaerobic filter for comparison between the two processes. Likewise, 
7 the aerobic pilot plant should be utilized with the pyrolysis waste streams and Ee 
_ the results compared with those from the UNOX process utilized by the Union | 
_ Carbide Company in treating their Purox wastewaters. Subsequent physical- 
- chemical treatment may be required prior to discharge to surface waters for a 
the removal of trace metals although these have not been n specifically identified 


in the analysis of pyrolysis waste streams (Fig. 3). 


The wastewaters from the anaerobic “digestion of MSW are the most poorly 
"characterized because the process itself is only now undergoing full-scale 
‘investigation. Depending on the oxygen demand of the waste streams, either 
the aerobic or the physical-chemical processes should be effective in its treatment. 
The aerobic process would generally be ineffective in the removal of trace 
metals and consequently, based on results of further testing, a physical-chemical _ 
process may be required to upgrade the effluent (Fig. 4). = wre) ce. 
tn conclusion, based on the results of our investigation, we feel that three va 
- pilot plant trailers should be designed, constructed, and operated in the field 
z WAF facilities. These three pilot plants, anaerobic, aerobic, and physical- — 


chemical, should be operated both in series and in parallel to obtain data on 
the selative efficiencies of the different The operation of the 


7 
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to organic and trace metal priority ‘pollutants. The successful operation of the 7 
pilot plants at WAF facilities will provide valuable information on the wastewater 
streams generated and the applicability of various treatment schemes i in reducing 
the pollutant levels in in these waste streams to acceptable levels. mea 
This study to characterize liquid produced at RDF-WAF facilities 
and to recommend treatment steps for these pollutants was funded by the Fuels 
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“LEACHATES FROM SOLID WASTE | 


Di By A A. Douglas Rademaker' and James C. Young,’ M. ASCE hice. 


a _ The use of urban solid wastes for energy production recently has recsived — 


* agreat deal of consideration. This interest stems from the fact that waste- -to-energy | 
~ conversion systems save valuable fuel resources and provide for disposal of ‘ 
Wastes with reduced reliance on dumps and landfills. Residues from ten 
: waste-to-energy conversion facilities include quenched ash, boiler sluice water, . 
digested sludge, and soluble and particulate matter trapped in scrubber water. _ 
t These residues generally are disposed of by means of land application, lngoceing, 
_ or by sanitary landfilling. Studies of waste-to-energy conversion facilities to 
date have been concerned more with evaluating the mechanical aspects of the _ 
_ system elements for processing and burning the wastes, than with the possible _ 
environmental problems, such as ground-water contamination by disposal Ladi : 
leachates associated with the ultimate disposal of the residues produced. 


produced at urban w waste- to- ~energy conversion facilities andt to » evaluate leachates -_ 

generated from the residues (2). The study program consisted of two phases. * 

Phase A consisted of bench-scale tests in which solid residue samples from 
waste-to-energy conversion facilities were placed on gravel support media in 

- lass: columns and maintained at saturated conditions with distilled water. - 


‘Leachate samples were collected daily from these columns. Phase B consisted 
of bench-scale tests in which solid residue samples from waste-to-energy 
- conversion facilities were placed on a soil/sand mixture which was supported Ae 
ona gravel medium in glass columns. The residue samples and soil /sand mixture 
- were maintained at standard conditions, as in Phase A. Leachate — were 
collected on a daily t basis and composited and ona a weekly basis. 


“Tales (2) to determine if heavy metals and organic priority pollutants leach = 
_ “Presented at the April 14-18, 1980, ASCE, Annual Convention and Exposition, held 


4 ‘Environmental Engr., Brice, Petrides, and Assocs., Inc., Waterloo, 
2Prof., Dept. of Civ. Engrg., lowa State Univ., Ames, lowa 50011. a 
_Note.—Discussion open until October 1, 1981. To extend the closing date date one one : month, 
a written request must be filed with the Manager of Technical and Professional Publications, mB: 
E ASCE. Manuscript was submitted for review for possible publication on April 21, 1980. a _ 
This paper is part of the Journal of the Energy Division, Proceedings of the - American _ ; 
Society of Civil Engineers, ©ASCE, Vol. 107, _ No. EY1, May, 1981. ISSN C190- 
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in sufficient quantities to pose a potential hazard v when < discharged to the - 
environment; and (3) to determine the effects of soil on the character leachate 


produced from the selected waste r residues. 


— Collection.—To determine the potential water-related environmental | 
impact of solid residues produced at urban waste- -to-energy facilities, solid nor a 
samples were collected from several operating plants, pilot plants, and laboratory — 
scale units for subsequent use in laboratory-scale leachate generation tests. The 
= following are descriptions of the sources of the solid residues. hae Rhecmeer ied 
FF Nashville Mass-Burning Ash.—Two quenched ash samples were collected at 
the Nashville Thermal Transfer Corporation mass-burning facility at Nashville, 


FIG. 1.—Schematic Diagram of Leaching Columns Showing Placement of Support 


Tenn. Both were air-dried and hand- sieved a 3/8-in. (10-mm) 
ass, 


4 Ames Refuse-Derived Fuel (RDF) / Coal Ash. —In 1977 and 1978, tests were 
conducted at the Ames, Iowa power plant, at which various percentages of — : 
the fuel load consisted of shredded RDF provided by the Ames Solid Waste = 
Recovery System. Ash was -shuiced from the boilers and the electrostatic 


_ during the bottom-ash sluicing period using a hand sampler, and were filtered — 
- through cloth filters to remove the water. The resulting ash solids were air-dried 
/* hand-sieved through a 3/8-in. (10-mm) United States Standard Sieve. an 
_ Amaerobically-Digested Synthetic S Solid W Waste. —Waste sludge was: was collected from m 


precipitators at the - conclusion of each RDF/coal burn. Samples were collected 7 


@ 
_Wire. and concrete: the sampies were then mixed tnorougnhiy to provide nomoge- 


~ SOLID STE RECOVERY 


a : pilot- ecaie anaerobic digesters which were in operation in the sanitary engineering be. 
tesearch laboratories at lowa State University at the time the leaching tests _ 
a were conducted. The synthetic solid waste consisted of 40% kraft paper, 35% Fass 
unprinted newprint, 13% Purina Dog Chow, and 12% dried grass by weight. 
_ The waste sludge samples were air-dried and pulverized to obtain a homogenous — 
Sludge from Pyrolysis Wastewater.—Sludge was collected 
wastewater from Union Carbide’s PUROX™ waste-to- ~energy 
conversion facility located at South Charleston, W.Va. The synthetic waste 
_ feed consisted of bactopeptone, yeast extract, and dextrose, and made up 80% 
of the feed biochemical oxygen demand ( BOD) load. Pyrolysis wastewater made 


up the other 20% of the feed BOD load. Ammonium chloride, ferric chloride, a 


sludge from these units was and to a homogenous 


mixture forthe leachingtests.§ q 


TABLE 1.—Experimental Design for Leaching Tests Using Residues from Waste-to- . : 


Ames coal/RDF ash (80% boiler load / 10% solid waste" 
Ames coal/RDF ash (100% boiler load / 10% solid waste* 


4 “ Ames coal / RDF ash (100% boiler load / 20% 


3 


“Percentage based on British thermal unit content. 


sd Leaching Columns. —Leaching tests were conducted using pyrex glass columns 
a having an inside diameter of 3.75 in. (95 mm), an outside diameter of 4.0 in. cl J 
(0.1 m), and a height of 45 in. (1.14 m). Each « column had a cross- sectional — 
area of 0.077 sq ft (0.007 m ?) (see Fig. 1). The upper 38 in. (0.97 m) of the 
column consisted of the 4.0-in. (0.1-m) oxygen demand (OD) pyrex glass tubing. ? 
The lower 7 in. (0.18 m) consisted of a 4.0-in. (0.1-m) 60°, pyrex glass funnel © 
which was fused to the glass column. A straight stop-cock assembly, with _ 
0.24-in. (6-mm) bore and Teflon stop cock was fused into the stem of the — 
= funnel. Three 1/4-in. (6.4-mm) beads w were fused to the inside surface 
of the glass funnel | in. (25 mm) above the stop-cock assembly to prevent — 


| - 

if 

€ anaerobic digestion biocon-— 


_ Support Medium.—A gravel/sand base, consisting of four layers, was placed | 
in the lower section n of each column to retain the souitee samples and to act a: 


= 1/2-in. (13-mm) United States Standard Sieve; the second layer consisted 
_ of 1 in. (25 mm) of washed gravel retained on a 3/8-i -in. (10-mm) United States 
Standard Sieve; the third layer consisted of | in. (25 mm) of washed gravel, 
retained on a #4 United States ‘Standard Sieve; and Sen fourth and final — 


bottom layer ‘consisted of 3 in. (16 mm) of washed gravel, retained o1 on 
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FIG. 2.—Leachate Quality Versus Leaching Time in Column Tests as Shown by 


: area was hand- sieved through a #8 United States Sieve, and blended with | 
an equivalent air dried weight of silica sand retained on a #25 United States 
- Standard Sieve. The silica sand was blended with the topsoil to increase the 
permeability of the soil so that water would drain through it more rapidly. erate 


_ Phase A: Characterization of Leachates.—Phase A was initiated by thoroughly 
cleaning and acid washing the glass columns and gravel support media . Dry " 
test materials, as listed in Table 1, were carefully weighed and placed on the a 
top layer of support media. Five-hundred milliliters of distilled water were — ~ 


carefully to each of the six columns, and the 0 aap of each piteeatis was covered — 


media from falling into the stop-cock bore, which would cause it to become 
| 


with a glass beaker to prevent foreign miata te from falling into the columns. 
¢ A black plastic tarp was used to cover the columns at all times, except when “ a 
‘sampling, to discourage algae growth. The six columns were then allowed to 
for 24 h to saturate the test materials. 
‘Twenty-four hours after initial residue wetting, the sampling program was = 
2a initiated. Six dark bottles with Teflon-lined caps were cleaned thoroughly and | 4 
rib: ‘ labeled. Sample volumes of 250 ml were collected daily by opening the stop - 
“ cocks and withdrawing the leachate at an approximate flow rate of 125 ml/min. 
; e- the pH was determined, each sample was transferred to the appropriate | a 
brown bottle for compositing, and stored at room temperature. Two-hundred 
- and fifty milliliters of distilled water were then added to each of the six columns az 
2 to replace the volume withdrawn as a sample. This sampling routine was followed | ‘ 
me on a daily basis. At the end of each week, the composite samples were —_— 
for the following parameters: BOD (Ref. 3, p. 543); chloride (Ref. 1, p. 269); 
~ chemical oxygen demand (COD) (Ref. 3, p. $50). sulfate (Ref. 3, p. 628); a 
UBLE SOLUBLE LEAD 


solid waste 
& Ames 100% load/20% 


+ 


—Cadmium and in from Columns 


organic —_— (TOC) (Ref. 3, p. 532); total alkalinity (Ref. 3, p. 289); total — 
_ dissolved solids (TDS) (Ref. 3, p. - 91); total phosphorus (Ref. 3, p. 476); volatile 
ph _ dissolved solids (VDS) (Ref. 3, p. . 95); fluoride (Ref. 3, -p. 393); organic nitrogen 
(Ref. 3, p. 616); pH (Ref. 3, p. 460); ammonia nitrogen (Ref. 3, p. 616); soluble _ 
% cadmium (Ref. 3, p. 179); nitrate nitrogen (Ref. 3, p. 620); soluble lead (Ref. Ss 
ie" 3, p. 179); nitrite nitrogen (Ref. 3, P. 620); and organic priority pollutants (Ref. _ 
_ 5). At the beginning of each week, a 250-ml grab sample also was ag ie 


or and processed for r acid /base-neutral extractions for organic compounds. Two 


_ similar test runs were made during Phase A as a check on test reproducibility. — 
_ The concentrations of many of the constituents characterizing the cba 
peaked early during the testing period and then decreased consistently as illustrated 
by the data for selected parameters, as shown in Figs. 2 and 3. This decrease 
was primarily a function of the movement of water through the waste residue 4 
_ materials i in the leaching columns. Movement of water through the residue material 


‘was expected to approximate plug flow. When the leachate samples were =. 


| 

3486? 

4 
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the ‘sampling port of the column there a downward movement of 
water through the residue and filter media. _ boty 
.* To estimate the flow regime present in the leaching columns, the chloride | » 
concentration of each waste residue leachate was plotted as the ordinate against ss 
7 time (abscissa) on semilog paper (see Fig. 4). If the actual washout Process a 
was of the first order, then the expected plot would be a straight line. ‘Plots -— 
ra of chloride concentration in leachate from the Nashville ash and the anaerobical- 
i < ly-digested synthetic solid waste residue approached straight lines, although those 
for the Ames ash did not. The sloping dashed lines show the expected concentra- 
tion trends for each residue leachate under first-order washout conditions. = 
‘This deviation from first-order washout seems likely to have occurred b because 
Vi 


load/ solid waste 

tf fans 1008 waste 

7 6 Ames 100% load/20% solid waste as 
© Digested anaerobic sludge 

Nashville ash theoretical washout curve 
® (B) Ames 80%/10% ash theoretical washout curve 
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FIG. 4. 4—Chloride ‘Washout Trends for Phase A \ Column T ests 


of soluble materials, thereby causing the measured 


to o initial ‘deviations fro rom the first- order washout. trend. This would o% occur ir because 
the daily samples were averaged over a seven-day period, and peak concentrations 
occurring early in each week were diluted upon addition of subsequent daily 
Total Leachate Mass.—The total mass of each constituent leached from the 
_ -Tesidue ‘samples over a seven-week period was calculated by multiplying the 
average concentration from two adjacent weekly measurements by the total 5 
~ volume of distilled water passed through each column during that time period. . 


| 
| 


This mass, the original of waste residue in each column, 
‘is reported in Table 2, which lists = average for two separate tests from — 
4 Organic Priority Pollutant Scan. —The acid and base-neutral extracts were a 
analyzed by gas chromatography using a Perkin-Elmer Sigma I gas chromatograph — ; 
_ system. This separated the organic compounds in each extract, and ant” 
of those compounds which are classified as * ‘priority pollutants” 
by the Environmental Protection Agency (EPA) (5). mulov ov 
_ The number of organic compounds found in the acid and base-neutral extracts 
having peak areas of at least 5% of the peak area of the internal standard 
anthracene are shown in Table 3. Only Goss not detected in 


TABLE 2.—Total Amount of Individual :Connneenns Leached from Solid Wests 


Leached Mass, in milligrams per gram 


| 80% load / synthetic ag 
Nashville 10% solid i 20% solid | solid 
4 Parameter 7 ash waste | ‘| waste a waste 


3.95. 
on 


Total 


3.2 x 107* 


the control column effluent or in the solvent blank are re reported. These data 
indicate that more organic compounds were present in the acid extracts than 
in the base-neutral extracts. No organic priority pollutants were detected a 

_ As ‘expected, TDS leaching was high. The organic constituents seemed ‘= 
: originate with pieces of unburned wood and compressed paper. Such materials _ 
easily identified by eye in all ash residue samples. 
Ss Solvent Extraction For Organic Analysis.—A solvent extraction technique was 
- used to remove organic materials from one 250-ml liquid sample collected ooh 

_ week. The extraction procedure yields a base-neutral extract and a an acid extract _ 


using methylene chloride a as the organic atten (5). Base- neutral extracts contain 3 


a 
| 5.98 | 278 a 
TotalPO, | 003 | 0.002 | O01 | 002 
| 1.6 x 10? | 2.2% 10%] 51x 10% | 12x 10% | 0.8 x 
x 107? 28x 10 | 42x | 13.6 x 
q 


procedures were performed using a continuous extraction process with a 24-h = 


reflux period. The methylene chloride extracts were passed through a column 
of anhydrous sodium sulfate to remove residual water. The extracts were then 
ne placed in Kuderna-Danish concentrators and condensed on a steam table until 


the final sample volume was approx 2 ml. £99. 


— organics “which remain unionized at a pH of 2 or lower. Extraction | 


clean ‘methylene and dy anthracene was added to an internal 
; ntration of 20 mg/Lineach ‘concentrated 


3.—Summary of Organic Analyses for Phase A Column Tests 


Acid extracts Base-neutrai extracts 
all 
Ames ash, 80% Ic load / 10% solid waste 
Ames ash, 100% load/10% solid waste | 
Ames ash, 100% load /20% solid waste ‘ 
Digested anaerobic sludge residue = | 


_ TABLE 4.—Experimental Design for Leaching Tests Using Residues from Waste-to- to- 


Energy Conversion Facilities Using Soil |Contact 


Ames coal/RDF 
Biologically-treated pyrolysis waste 
Biologically-treated pyrolysis waste sludge 


Sand/soil mixture (soil blank) 


Most low weight organic compounds ar are by this n methylene 
chloride extraction, including the organic priority pollutants. Some high molecular : * a 
weight compounds, such as the soluble starches and proteins also may be removed. 

3 Phase B: Effects of Soil Contact on Character of Leachates. —At the conclusion — 


medium was s placed i in n each. Five- hundred grams of the sand/ soil mixture were 
placed in columns A, B, C, and E. Table 4 lists the dry test materials placed 
in the columns. The daily sampling program used in Phase A was also used 
in Phase B. Sample volumes of 250 ml were collected weekly and processed _ 
7 for organic and inorganic analysis. I Parameters evaluated in this phase were: ec 


| | 
_ 
| 
&g 
Weight, ingrams 
| Col Residue} Sand/soil 
it 
F 


SOLID WASTE RECOVERY 


VDS, TDS, BOD, COD, chloride, and soluble heavy 1 metals. Time series plots 


| eppeenilats: As in Phase A, many of the constituents had concentration trends” a. 
that peaked early and then decreased rapidly. wah OF 


Total Leached Mass.—Priority pollutant metals were measured weekly, 
the total leached mass of each constituent was calculated as in Phase A. A : 


summary of the resultsis shown in Table5S.§ = a 
_ A comparison of the cadmium and lead data for the ash samples with those 
in Table shows that, with one exception, the soil contact reduced the total 


Teachable mass. A comparison of the data for the pyrolysis shows 


| BIOCHEMICAL OXYGEN DEMAND 
‘a 
w/soi) 

© Ames ash w/soil | 


= 
+ 5 6 70 


«FIG. 


mixed effect. Cadmium and lead did not seem to a oles Es, but other metals © 


seem to be reduced by soilcolumn contact, 


_ Leachate Test Comparison.—The EPA has proposed a procedure for oa 
the total extractable mass of metallic priority pollutants from solid wastes (4). 
were conducted during the writers’ to compare the EPA method 


The EPA extraction was followed closely, but with some 
tions to the hiope/ Bid Sumer proposed extractor was 


i 
for Individual Constituents during Phase B Column Tests a 
a 


configuration to replace paddles. “waste Tesidue samples 
"therefore could be extracted simultaneously under controlled conditions. apt 
Five representative 100-g as ash or residue ‘samples were placed in 2-L glass g 
jars containing 1.6 L of distilled water. These mixtures were stirred with the [Jf 
glass paddles at 80 rpm for 24 h. The pH of each sample was matetiees 7 - 
at 5 by adding 0.5 N acetic acid when needed. | 

The temperature was maintained at 20° C throughout the extraction process. | 

g At the end of the 24-h extraction period, the ‘samples w were allowed to stand 


“liquid was then decanted and the solid phase was discarded. The liquid phase : . 
" ‘samples were centrifuged and filtered through 0.45-ym filter pads. The filtered = 
= sample volumes were then adjusted with deionized water so that _ 

volumes were 20 times those occupied by a | quantity of water at 4°C equal 
weight to the initial weight of solid (i.e., an initial sample of 100 g was 
diluted to 2,000 ml). Adjusted samples were placed in brown glass bottles and = 
subsequently analyzed for soluble lead, one, arsenic, barium, chromium, — 


TABLE 5.—Summary of Total Leachate Mass of Metallic Priority Pollutants After 


Nashville ash _ Amesash | Pyrolysis sludge 4 
with soil with soil | with Pyrolysis sludge 


x 10~* 33 x 107 


| 


a mercury, silver, and selenium. Results of the heavy metals scan, using the 
modified EPA extraction procedure, are shown in Table6. | 
__ Comparison of these data with those f from column leaching shown in Tab 7 
2. and 5 show that, in general, ‘the column tests p produced ag greater total leached a 


mass than did the EPA method. Too little data were collected, however, -_ 


determine the significance of this difference. = 
were 


| 0.00 


7 Organic Priority Pollutant Scan.—Leachate samples collected in Phase B 
examined weekly for solvent extractable organic constituents. The number of 
compounds found in both acid and base-neutral extracts are tabulated in Table 


wa | These data show that more organic compounds were in the acid extract 
‘than in the base-neutral extracts. This is in agreement with the results of Phase _ 
i A (see Table 4). Also as in Phase A, no priority pollutants were found in 


7 
| 
Mass, in milligrams per gram 
- 
| Soluble 4 
= “4 
Cd 
me He x 
— 
Se | 190x107 | 4.40~x "| 
I in Table 6, with the comparable number in Table 3, where no soil was used, 


shows ont the soil the number of base-neutral compounds appreciably, 
= acid extractable compounds did not seem to be adsorbed as readily, 


Ames ash, Ames ash, | Ames ash, ee 
80% load/ 100% load/ | 100% load/ | 


solid 10% solid 20% solid Pompano Beach 


0.00 
8. =e 
10 
ary of Organic Analysis of Leachates Collected one: Phase 8 


"tified O i 
| milligrams per liter 


extracts | Compound nar - 
Nashville ash i 
Ames ash on 
Sludge 2,4-dimethylphenol 
2-chloronaphthalene 
Naphthalene 
Acenaphthylene A 
bis-(2-ethylhexyl) 
| phthalate 
0-chlorophenol 
2 ,4-dimethylphenol 
| 2-chloronaphthalene | base-neutral 
Naphthalene j base-neutral 
Acenaphthylene base-neutral 
base-neutral 
phthalate 


‘produced upon biological treatment of wastewater. Those peony 
- pollutants shown were known to exist in the untreated pyrolysis wastewater 
As wi with unidentified | in the base-neutral extracts 


4 
ABLE 6.—Heanvy Metals Detected by Modified EPA Extraction Procedure 
Leached Mass, in milligrams per gram 
Nashville 
q 
Cd | 0.00 | 0.00 0.00, 0.00 0.00 
AS ax1o-* | 000 | 2x10-* 2x 10° 
| 2x 107 0.00 | 000 | 00 | 000 
| 
Number of Uniden-} PRIORITY POLLUTANTS 
ses 


ed to be more readily adsorbed on soil while the jest onanals extract table « 


wed essentially no change upon contact with soil. 


Leacnate Composition AND ENVIRONMENTAL STANDARDS 


i Organic and inorganic constituents, as summarized in Figs. 2, 3, and 5 and 


Table 7, can occur in concentrations considerably in excess of most state and | 
_ Federal discharge standards to streams. Overflows from residue ponds receiving 
ss ash from facilities burning municipal solid waste conceivably can violate — 

page go These concentrations peak vei upon contact of the ash with water 


rte ts but will not reduce the total amount of materials that could be peleached 
upon disposal of these residues in landfills; 
Unfortunately, there are no general standards for discharge or disposal of 
liquid wastes containing organic or inorganic priority pollutants. Proposed 
- regulations presented by the EPA have, to date, not been a. t 
Summary, Conciusions, AND 
Phase A of the study wanes of bench-scale column tests in which leachates © 
were generated from solid residues of the major categories of urban waste-to-en- 
ergy conversion facilities. These leachates were analyzed to determine if a 
and heavy metals were present in sufficient quantities to pose a potential hazard 
if discharged to the environment. Phase B involved bench-scale column tests 
_in which leachates were generated and analyzed to determine the effects of 
Soil on the character of the leachates, and to determine if organics and heavy 
a typical soil in sufficient quantities to pose a p 
The results of this study have shown the 


- declined gradually from a peak early i in the leaching period to essentially zero 
over a period of five weeks-seven weeks. The rate of washout could not be _ 
_ described as first-order, indicating that soluble materials were released aosll 
_ the solid phase as freshwater passed through the column. tw 
‘al 2. Gas chromatographic analysis of column leachates revealed a number of 
unidentified organic compounds in ash samples. The source of these organic 
. a - seemed to be unburned wood and | compressed paper products not 
burned in the waste conversion unit. No « organic priority pollutants were found ~ 
in ash residues, but were present in sludges produced upon lain i treatment — 


7 ‘but not acid extractable compounds. Metallic priority pollutants were removed, ¥ 
to some extent, upon contact with soil, 

: _ Considerable research and development work is needed to refine | procedures 
* producing | and aw leachates from solid residues. The EPA etn 


= 
= 
of controlled release of ash pond overflow should permit most state standards ' 
| 


SOLID WASTE RECOVERY m - 


while possibly giving the desired results, requires use of nonstandard equipment. 
Modifications of standard laboratory equipment seem to work equally as i 


leachable mass and maximum concentration of a constituents in the 
Considerable research is needed to refine tedhaleds for identification of organic © 


While gas chromatography /m mass spectroscopy techniques are well- 


oS compounds i in the presence of a large number of unknowns. : aa. 


Techniques for removing compounds from solid residues considerable 
on refinement. A more complete evaluation of recovery efficiency when extracting 
these organics, and o of the effects of concentration: and storage | of the extr 


‘This project was supported in part by a grant from the United States Department 


_ of Energy, in association with the Ames Laboratory of Iowa State University, 
and in part wy the Engineering Research Institute of lowa State University. a 
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os _ using column testing procedures. Standards for disposal of residues containing _ 
: teachable priority pollutants may need to be expressed both in terms of total 
nathwa te hnig are not eli_c ited identi ing De panic 
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= SMALL-SCALE Hypro IN NEw ENGLAND: 
Di Paul H. Kirshen,’ A. M. ASCE 


3 antes. 
pays part of a a project sponsored by the United States an of Energy — 


to study the obstacles and incentives to the development of small-scale 7 
hydropower (SSH) in the nineteen northeastern states and to recommend policies — 
to increase the rate of development of SSH, a review of the historical hydropower — “ 
Statistics 's of New England has been made. The review was part of a process * 
to attempt to understand the many factors that affect the development of SSH. 7 
(Other elements of this process included meetings with technical advisory ‘ 
committees, meetings with SSH developers, and interaction with other SSH 
researchers.) The review of historical data was also useful in evaluating the a 
results of a simulation model of the development process 
_ Presented in this paper are time series data concerning , conventional and 
mall scale hydropower in New England and the United States, analysis of i 
the data, and then, finally, conclusions that can be drawn from the data. The 
definition of SSH weed i ‘in this == is nameplate capacity less than or r equal 


Time hem 


= in Table 1 are data from the period 1960-1976 on hydropower in 
os each of the six N New England states, in the region, and in the mg nl 

_ presents information on the patterns of SSH ownership in New England. 

: For comparison purposes, some of the data in Table 1 are plotted in Fig. 1. 
Presented in Fig. 2 are costs of electricity in New England over the a 
1960-1978 and the number of applications for minor projects (less than LS 
= ‘Capacity) from throughout the United States submitted t to ) the Federal Energy 
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Note. —Discussion open until October 1, 1981. To extend the closing date one month, 
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= 
7 
| 
= aay from the Federal Power Commission (8). These reports describe the developed Jf 
_ is% and potential hydroelectric power resources of the United States and have been Zz 
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In thousands of kilo- 
FPC licensed SSH, in 
megawatts 
In thousands of kilo- 
watt hours 
Total SSH plants as | 
y FPC licensed SSH 
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watt hours 
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FPC licensed SSH, i 
megawatts 
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127. 417 


623,480 


109.450 
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fy Ws 
§$.305 
258,100 


TABLE 1.—State and Regional 
351.256 | _ 324.940 319.067 
1,906,000 1,934,456 | 1,957,752 | 1,945,629 
35.713 | 158.506| —-287.66 956.235 
20,000 | 213,600 | 1,017,550] 1,631,721 | 1,651,079 

(149.369 145.040 | 131.942 

740,200 728,100 | 678,700 

/ eal eat 
109.335] 106.735 109.142 | 107.383 | 107.708 
hie 436,100 439,700 | 440,900 
60,000 | ~—85,000 | 121,000] 261 

145.133 137.899 | 135.001 | 129.348 | 139.245 
620,530 | ~—-606,790 | «601,615 575,908 | 580,00: 

30.896] 67.496 | 71.476 | 73.413 | 

| 161,200 | 447,200 | 386,925} 392.225 431.816 


Total SSH, in mega- 
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watt hours 
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Total SSH plants. 


Toul SSH, in mega- | 


watt hours 
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hours 
Total SSH plants 


Total hydropower, in 
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Total SSH, in mega- 
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watt hours 

SSH 
Total LSH,° in mega- 

a 
in thousands of kilo- 


watt hours a 


SSH average capacity 
 factor® 


_LSH average capacity 
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Total hydropower, 
megawatts 
thousands of kilo- 
watthours 
Average capacity fac- 


,515.697° 


827.970° 
be 
3,910,730° 


322° 


<< 


(172,570 
wisi 


- 
1,497.283 | 1 
—-§,959,270 6,086,513 
755.453 


810.979 
843,851 | 3,797,135 


i 952,380 3 
255 
723.830 


2,091,000 


2,280,211 


| 0.572 


0.330 


130 


5,934,851 


OTL 


31,825.343' 


166,274,000 


53,404.326 57,034. 720 q 


124, 


45,826.491 
223,312,412 


_ “Based on reports made to FERC by private, public, and cooperative utilities and industrial 
establishments limited to 100 Kw or more through 1964. After 1964, all 100 Kw or less projects 
that are licensed are included. Definition of SSH is ‘nameplate capacity of 25 less. Some 


40,000 | 8,180 | 7,680) 37,680 | 4,000 
| 
68.s60°| 74135 | 63.415| 61.344 | 61.220 
181,800° 174,500 | 
11,000 1,000 | 11,000 
66,580 
| 
| 687.727° 
= 1,954,000° | 2,006,899 
0.334 | 0.346 | 0.343 
| 40, 230.2 
| | 


of the facilities have gross heads greater than 100 ft. — of facilities in two states, are split a 
of annual energy production under average water conditions. 


¢ “Capacity factor is ratio of average output to theoretical maximum ouput. 
—— for inclusion of pumped storage generation in FPC (1960) tables. 


TABLE 2.—SSH Ownership Data in New England (8) = 


of SSH 
Private 


Municipal or state 
‘Capacity of SSH 


Industrial 


Municipal or state 


= 


_ issued every four years since 1960. Prior to that they were issued in 1953 and 


; 1957. The information | in the > reports i is a from reports to the FPC a 


Hydropower in States. installed conventional 


‘capacity. A major factor contributing to this decline has been a continual decrease 
in the cost of electricity production by nonhydroelectric sources up until the a 
' mid 1970s (6). Another factor contributing to the decline growth rate is that 
‘the construction costs of hydropower increase steadily as better sites are = 


developed (in 1960, 19% of the potential sites in the United States were e developed; - 


While the installed capacity of hydropower in the United : States has increased, q 


the total number of aed has decreased from 1,685 in 1960 to 1, 426 in 1976 


well as 24 Mw conventional hydropower, 
d 
| =a 
| 100 | 750 | 100 
| 
the 4 
Tepe d Ta whe wat of steam-electric 
: facilities is increasing. In 1976 hydropower provided only 11% of the United . 


ie FPC (9) states the decline is additional 
already developed sites and retirement of smaller, inefficient plants. Note in 
‘Table 1 that the average capacity factors of plants in the United States has 
_ steadily declined from 0.596 in 1960 to 0.543 in 1976. This reflects the ae 
the use of hydropower plants for peaking power production. 
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Num! 


». 
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2 Total Small-Scale Hydropower in New England + 


FIG. 1 —Number and Installed | | Capacity of Hydropower in United Si States and New > 


__ Hydropower in New England.—The total installed capacity of hydropower 

ee _in New England has remained relatively constant at 1,500 Mw because of off: a 
increases in the development of large-scale hydropower (LSH) and decreases 

in SSH. About thet total New is The 


| 
| 
il 


a capacity factor fc for all hydro in New England has slightly ty from 
_ -0.44-0.46 in the period 1960-1976. This increase is also seen when LSH and 
- SSH plants are examined alone (considered later). This increase is probably — 
= indicative of the retirement of inefficient plants rather than a decrease in the 
g i use of plants for peak power production; 
The average capacity factor for LSH in New England was approx 0. 33 for 

4 the period 1960-1976. For SSH, it was approx 0.55. This is indicative of the ; 

use of LSH for peaking, SSH for run-of-river. The LSH has increased from 
688 Mw in 1960 to 756 Mw in 1976. The change is due to increases in capacity 
over this period at the Millinocket hydro j plant (8 Mw-31.5 tia and the Ripogenus ~ 


- hydro plant (24 Mw-37.53 Mw). Both plants are in Maine. = 

_ The SSH in New England has steadily decreased from 828° Mw in 1960 to 

750 Mw in 1976. As previously noted, 32 Mw of this decline is due to the 

- capacity upgrading of two plants in Maine. This pattern of decline has also 
_ occurred in each of the states except Connecticut and Massachusetts, where 
‘ there was one intervening year when capacity increased. Since the rate of decline 

of the total number of SSH plants is greater than that of the SSH stalled 
Capacity (see Fig. 1) and the average capacity factors of SSH are increasing, 
_ the smaller, less efficient plants are being retired. In 1960 the average plant 
= e was 2. ~ Mw and the average capacity factor was 0.54. In 1976, the comparative 


FIG. 2.—(a) venga of | Electricity in New England; and (b) FERC Applications for Minor | 


Costs of nin | Fig. 2, 2; cost electricity in New England 
steadily decreased from 1960-1968 and then began to increase. While perhaps 
- coincidental, it is interesting to note that the rate of retirement of SSH — 
_ in New England decreased after 1968 (see Fig. 1). This could have been the 
beginning of the recognition of the possible value of SSH in New England’s a 
_ and the nation’s energy supply. “Official’’ "” recognition of the possible importance 
+“ of SSH in the nation’s energy future occurred in President Carter’s April 20, 
~ 1977 comprehensive energy plan. At that time, the United States Army Corps" 7 
rm of Engineers was directed to undertake a 90-day study of both large-scale and D 


As shown in Table 2, “the FEN pattern of SSH in New England ‘did 

not change considerably in the period 1960-1976. Throughout the period approxi- _ | 

mately 65% of the total installed SSH capacity was privately owned, i.e., utility — 
owned, 30% industrially owned, and 5% municipally or state owned. Based = 


on the number of plants owned by each group, the largest _ capacity plants are 


owned by utilities and then by municipalities or states. 
“a Both in terms of number of plants and total installed capacity, industrial 
‘owners retired the greatest amount of SSH in the period 1960-1976 (even 4 
considering that approx 32 Mw of the industrially retired SSH was due to the — 

Upgrading of two plants in Maine from SSH to LSH). od) on baad 
_ Between 1960 and 1976 the number of SSH plants in New England licensed % 


oy the FPC increased from 14 (or 4% 4% of the to total number of SSH — 
to 91 (or 44%). ‘Nationally the number of licensed plants (all sizes) has — 
BAA. from approx 20% in 1960 to 45% in 1976. Much of the licensing 
= been of " plants already constructed and in operation. It is also renee 
& note that, as shown in Fig. 2, the number of applications from throughout _ “ 
the United States for t minor r projects (capacity less than 1. 5 Mw) decreased 


the applications are from the entire United States and include ‘those for a 
- constructed plants, relicenses, and hearings, as well as for new capacity. The | 
available data do indicate, however, that in recent years many of the applications _ 
~ have been for new capacity in New England. Therefore, the interest in new 
J SSH capacity in New England (at perhaps both existing dams and potential 
- sites) seems to have started to increase significantly a few years after the apna 
_ increase in New England electric costs. This also leads to the expectation that — 
the decline in SSH apy in New England will stop and actually start to 


Summary ano ConcLusions 


Until New England has followed trend of decreased 
4 interest in both LSH and SSH and of retiring small, inefficient plants. In New 


England it appears that LSH is used for peak-power production and SSH for 


| 
| 
| 
| 
q 
| 
| 
| 
| 
| 
| 
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As expected, the interest in and the development o of LSH and SSH in both 


_ New England and the United States is inversely related to the costs of alternatives 
for producing electricity. It follows, then, that with the cost of fossil fuels 
‘contirually increasing, interest in SSH will continue. Due to the economic 
- sensitivity of SSH development (1,5), it is expected that most developers of 
SSH will attempt to use hydropower for peak-power production. This will 

undoubtedly cause controversies between Covelagens, environmentalists, and ~ 
other interest groups (see Ref. 10), 
_ Industrial use of SSH has declined the most, , and based on applications to 
__FERC for p preliminary permits and licenses it appears that industrial users are 
continuing to show little interest in SSH compared to other types of potential _ 
developers. The major disincentives for industrial developers of SSH might — 
be the short payback periods required on major projects by industrial developers _ 
_ (10 yr or less) (1) and the difficulties they sometimes have obtaining backup 
_ power from utilities (similar to problems using cogeneration) (2). If this trend d 
of industrial retirement and lack of interest continues, the mix of ownership — 
of SSH facilities in New England shown in Table 2 will change. The data 
from Corso (1979) in a personal communication indicate that municipalities and Ys 
rural electric cooperatives are very interestedin SSH. 
_ The licensing of already existing projects has increased in recent years. This 


_ may be due to greater enforcement by FERC or a desire by hydropower operators 
to protect their sites as interest in SSH increases, or both. qe ime paitsbiencs 
Finally, based on the recent increase in applications for major and minor 
projects, there is a significant increase in interest in SSH both in New England 
tnd elsewhere. The survey results of the New England River Basins Commission 
_ (4) indicate that there is a potential of 1,000 Mw of SSH at existing, nongenerating © 4 
dams i in New England based solely « on hydraulic and hydrologic practicability. 
“If this interest is to be maintained and some of this potential obtained, obstacles __ 
to development (such as the burdensome licensing process) will have to be © 
_ overcome and incentives further emphasized (such as the value of renewable — 
energy resources) (4). Several Studies are currently underway to recommend 
| Cag Cate strategies, e.g., those of Franklin Pierce Law Center and Dartmouth 
College, United States Army Corps of Engineers Institute for Water Resources, 
and New England River Basins Commission, and it is 
be considered by policymakers. = | 
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_ OPTIMIZATION OF Pump TURBINES q 
_ Pumped | storage torage plants a are a means of converting low-cost base- load | energy ; 
into valuable peak-load power, 
Equipment used to operate mates power stations may be distinguished 
to two categories, “namely the binary set (comprising the pump turbine and 
a the motor generator set), and the ternary set. The latter has been undergoing 
constant development in Switzerland and Germany since the beginning of the | , 
4 present century. It extends to a centrifugal pump, turbine, and motor generator - 
set, all of which are arranged alongside a shaft. The turbine and pump can : 
be designed as separate units to Gs are 


or turbine function, it is possible, in addition, to minimize the period of transition I 
Greater compactness on the ternary set is effected by 1 ee of the so-called 
Taking into account electricity rates, a 1% efficiency a occurring on an 
hydraulic motor system, signifies loss of revenue exceeding the cost of the 
entire set of machines, including installation. This is why West Germany, 
Switzerland, and Austria prefer to continue using the ternary set, distinguished — ‘ 
as it is by a high | ceased of “efficiency, and accompanied by features of easy 
P.. A disadvantage, however, of the ternary set, when compared with the binary 
4 set is the extra cost involved in installing a second hydraulic machine along 
with its pertinent shutoff devices and manifold system, as well as the eure 
of additional space required for installation. This, of course, tends to weigh — 
heavily in f favor of the binary set, which is” restricted to the pump turt turbine 
and motor g generator set, , especially in in times of ‘spiraling v wage vage costs and grow growing 
= expenditure. It is true that, when turbining, less efficiency is obtained _ 
ie a pump turbine than a turbine specifically adapted to its function on optimum 
lines. Nevertheless, this is regarded with less significance on a system of electricity 


_ ‘Full Prof. and Head of Chair and Lab. for Hydr. Machinery and Equipment, tee 
Univ., Munich, Federal Republic of Germany. | 
~ Note.—Discussion open until October 1, 1981. To extend the closing date one ‘month, Fy 
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_ ~ ASCE. Manuscript was submitted for review for possible publication on April 22, 1980. 
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> 
interlinking network that is expanding, to the increase in the 
_ supply of power tending to lessen the difference in cost between the base and 
_ peak load. In addition, modern hydraulic research makes it possible to obtain 9 


ie virtually optimum efficiency on pump turbines applying both modes of operation 


( pumping and turbining). Youn” “4 3 q 
The design of pump turbines is based on the fact that a pump impeller can q 
ws also be made to function as a turbine runner, even though it would be somewhat © 
if less efficient than a well-built turbine runner specially designed for the purpose. 
_ According t to > experience, : a } pump impeller engineered on optimum lines | would 


set in pumped storage Plants: by one reversible pump turbine (ery set) 
a _ The first pump turbines (operating with relatively low capacity) were installed 
- during the early 1930s at the German Baldeney (2-MW) and Pedreira (4-MW) eet” 
facilities. The idea of the pump turbine was not revived until after World War x 
II in the United States, where the first pump turbine installed on a larger scale 
was at the Flat Iron Facility in 1950. With the two Taum Sauk pump turbine 
ets [head-780 ft (240 m)] put into service in 1964, the United States achieved | 
a spectacular breakthrough in penetrating the 250-MW limit (14,15). A new 
‘enn has since been attained on the sector of United States pump turbine 
_ development in the form of the four 392-MW sets now in operation at the 
Racoon Facility, along with the si six Bath sets scheduled for 
— 


European countries whose hydromechanical industries were able to point to 
_ satisfactory results from the use of ternary sets installed at pumped storage iid 
plants, e.g., Italy, Germany, Austria, and France, were slow to follow the United 
‘States example, especially after having experienced some difficulty on their — 
= _ first large-scale pump turbines at the point of transition from turbine to pump __ 
_ The following are a few of the milestones recorded in the field of pump — 
turbine development in Germany: In 1965, the first large-scale pump turbine 
were commissioned to be built for the Roenkhausen Facility (see Fig. 1) by 
i Swies ‘manufacturers (4,8, 10). Another order came from the Vianden 


N 


_ 


FIG. 2.—Binary Set Installed at Vianden 2 Pumped Storage Plant | 


‘storage plant in 1967 (already equipped with nine 100-MW ternary sets) for J 
an additional 200-MW pump turbine Vianden 2 (see Fig. 2) (24,28). The guide | 

vanes on this set are operated by individual servomotors, and the motor generator — 

_ set is also capable of speeding up the water-filled turbine into pumping action J 
_ from the stationary phase with closed valve. In 1971, two 75-MW pump turbines [ 


a 


| 
Y = SY \ 
| COTY Y \ 
4 
a were purchased for the Langenprozelten Facility (see Fig. 3), a power station — 
serving to generate single-phase traction power. For the purpose of speeding 
up the pump turbine into pumping action, provision is made in this case for | 
sq :27-MW Francis turbine designed on simple lines to function as a starting — 
} x= turbine (5,26). In 1974, the 250-MW Rodund 2 pump turbine (see Fig. 4) (6) - 
fs = was ordered from Germany to complement existing ternary sets in service at | 
| 
a 


the Austrian Luenersee and Rodund 1 pumped storage plants. The head in 
this case amounts to 1,140 ft (350 m). 
Quite a number of papers have already been written on the ution of pump ‘ 
turbines of which only a brief selection can be cited here (1,2,3,5,7,9, 11,12,23,25- 
28). Normally such treatises are concerned with the distinguishing features of 
a certain plant. This being the case, there ‘appears: to be some oh of 


a 


«FAG. 3. —Binary inetalied | at at Langenprozelten Pumped Storage Plant 

} approaching the subject of pump turbine design i a more g general theoretical — 
angle based on practical results. 2. 
The principal objective of this paper is to draw attention to a decisive factor, - 
- namely that of the costs arising from excavation work and mechanical losses eo 
occurring during the period of operation. ac Wied 
The key to the optimum design of the (the actual centerpiece of 

pum is new process applied to computing the type number 


| = | 
| 
\ 
| 


a semi-axial pump turbine. The type number is functionally related to the empirical 
loss coefficients (aerodynamics also being drawn upon for purposes of analogy), _ 
_ cavitation factors, operating characteristics, such as flow rate and head, _ - 
well as known geometrical dimensions of the impeller and diffuser. Also capable a) 
g computation are data applicable to speed coefficient and discharge ratio _ 
: dependent on speed ratio. These figures provide useful information for compro- a 
mises that may be necessary with regard to the needs of the electric power 
grid, taking into account the specific features of the hydraulic storage cycle. _ 
Oprimum Oursive Diameren oF IMPELLER ON Pump Tureines in TERMS OF 
Let us begin by considering the impeller losses. In principle, the design of _ 
a pump turbine is always required to proceed from a pump impeller. Only — 


aid 


_ The resulting costs, K,, of a 


| YC |- N WE f 
| SSS | 1) 
| | a8 pump impeller which, owing to the backward bent vanes, reveals nonstalling = | 
4 relative flow and thus too, high efficiency, p> when pumping, is capable of oT 
: - functioning as a turbine achieving quite a satisfactory degree of efficiency, | 
nr, even in the case of reversed flow. Generally speaking, ; is, infact, greater Jf 
4 than "p- Bearing in mind the growing shortage of power, there is a need to : 
increase the in the process of pumping, also as_a basis for stepping up = 
the as applied tothe turbine action. 
centrifugal pump (or pump turbine) can be — } 


"approximated i in the following way as a function of ‘the impeller outside diameter. 

_ The first term of Eq. 1, having m = 2.2 ... 2.4, indicates the costs of manufacture 7 
composed of processing costs (proportional D’) and material costs (proportional 

. D’). The second term combines the building and excavation costs for a large 
semi-axial machine having an extensive head and negative suction head. For 

: =. on the pump turbines newly installed at the Austrian Kuehtai Facility, — 
which registers a head of 1,460 ft (450 m), the suction head is at —144 ft 

7 (—48 m). This being the case, it was essential to locate the power station in 

. a pit having a depth of some 330 ft (100 m). The third term is used to indicate 

- disc friction losses occurring to the ; outer surfaces of the shrouds of the impeller. — 

7 These losses necessitate an increase in power consumption so that additional — 
conte are incurred throughout the entire service life of the machine which, 7 
given the average yearly number of running hours along with the average power _ 
costs per kilowatt hour, are capable of being computed. The fourth term represents 
= losses which, like the disc friction losses of the third term, tend - c 

_ force up the costs of energy. The final term describes losses not directly associated < 

_ with the impeller external diameter, D, as e.g., leakage ars 
_ According to experience gained by the writer with hydraulic turbomachines _ 

a primarily used to generate peak-load power, 1% efficiency loss on these + 

- machines—in terms of the life expectancy of the machines—exceeds the _ 

7 production costs of a complete machine set, including its percentage of excavation — 
costs. Since centrifugal pumps normally reveal losses ranging from 8%-12%, 
it follows that the last three terms from Eq. 1 are going to be more than 8 | 
times-12 times greater than the first two terms. 


_ For the purpose of optimizing D — respect to minimum costs, the first 


we e obtain | the optimum diameter, D, dif ferentiation of the costs, according 
to D, from the equation 


In the above, hin = = specific disc friction losses; and mae specific ic 


_ designations contained in Fig. 5, the specific disc friction losses,h', are computed 


as follows from the geometrical dimensions and operating data: ee eee 


oa On the basis of test <n, ‘using rotary discs (16,20), and applying od 


in which v= ‘Kinematic viscosity of the fluid; f= average clearance between 


| 
j 
in the relevant third and fourth terms, the cost factor pertaining to electric | 
] 


the in impeller shrouds ond housing; = wall t of ‘both 
at the outside diameter; -@ = angular velocity; g = gravity acceleration; iain 
= head; and Q= flow 1 rate in the design point. 
ot 
The following a applies to specific diffuser based on the assumption 
of nonswirl and the contained in 5 


= 

th the above, D,=D= onthe Gahinsnes'c of the impeller; D,= = inlet diameter 
of the vaned diffuser; bs, p = diffuser loss factor; a, = angle between the diffuser 


_ vane skeleton structure and periphery at the diffuser inlet; and y, = peripheral 


+ efficiency, including flow losses inside the diffuser, impeller, and suction pipe. = 


- FIG. 5 —Sectionel Diagram of Impeller, Housing, and Guide Vanes Applying Quantities 
D,/D, anda, 
‘The following introduces further ‘the nondimensional al type n number, n 


expressing the w, 3 and 4 by n,, according 


Eq. 5, and afterwards ms out the differentiation according to Eq 2 
employing values h’, and h’,, from Eqs. 3 and 4, we arrive at the apes 
‘Telationship applicable to the. outside diameter, 
erg: 


j 
| 
— * 
|  Ab=AbitAbo [| | 
| 
| 
| 
| | 
d | 


4 It should be noted that f/ D, Ab/D, and D. »/ D, are 5 given ‘quantities, even 

if they contain = Bye. The same applies to fa, and these likewise 

ye From Egs. 6 and 7, it will be observed that D,, is largely dependent « on 


the type number, n, , which i is defined in Eq. 5. 


3 


= 


FIG. 6. 6.—Simplified Layout of Impeller and One Vane on 


‘The type number itself, n. @ is likewise capable of —_ optimized as a function 


4 

New Formuta ror Type Numer oF Semi-Axiat Pump 

Optimum Diameter of Impeller Eye in Respect to Internal Losses — 

_ Impeller Losses.—Further computation is based on the following assumptions — 


= 


In the above, C 
dent on nondime which in tura, isdepen- 
| 
of 


= absolute speed; w = relative speed; B = angle between zn 
ay speed and and circumference; Oey circumferential ‘component « of c; and 
c,, = meridian co component of c. The subscript 1 indicates the impeller inlet — 
. i & the subscript 2 indicates the impeller outlet. All quantities are mean values — 
_ ascertained between both the rim and the crown, and the vane pressure: and» 
4 the suction sides. The vanes are assumed to be perpendicularty arranged on 
the impeller shrouds. 


‘The loss of inside the impeller passage is computed from P, = w- 4 
<e Along the ¥ vanes, a constant force per unit of length, F,, is intended to act 


weeaerwy to the vane unit, as outlined in Fig. 6. ‘The circumferential = 
dr, 


adi 


- real inlet edge 


—assumed inlet edge 
“Les 
«FIG. —Actual and Assumed Impeller Inlet 
is computed from dF, ,'ar/cos and represents the mean angle 
a mean meridian flow nt ‘and the radius. Thus, we obtain the peripheral input . al 
for the of an impeller vane with at angular velocity, 


COs 
In above, r = radius; r, = mean at ‘the and | 


Owing to the constancy of B, to Eq. 10, following 


P-L = F,-(r, - ,)/(os | sin 8). The value L signifies the 
The resistance force, F,, inside the vane passage can be > split up into ‘the 
onent F = originating | from the appre vane surfaces, and the component , 


: 
x" @ 
i 
| 
| 


ii 


In which, z = number of vanes; and b,, = mean width of the impeller passage 


If, on the of the wing theory, we were to a gliding 


specific would be computed to th to! the following: 
= 


For For the purpose of converting Eq. 15 use is made of the following relationships. 
Observing Eqs. 8-10, sin B = c,,/w =c,,,/w,. From Eq. 11—by application 
“4 of the Pythagorean theorem to the triangle of velocities at the inlet—there 
= ¢ . We proceed further to introduce the “hub to tip 
ratio’ "N, =P /Pier M which case r,, = radius of the inlet edge on the crown; 
and r,, = radius of the inlet edge on the rim (i.e., radius of the impeller - 
Assuming the inlet edge to be straight, the relation rT, = (te + 


In we define a flow coefficient, 14 


mia 


specific impeller loss, h/, , can, following conversion of Eq. 15, , eventually 


93 


| which Cmie = maiden | at inlet on the rim. Thus, the 


te 


g Diffuser Lessin Eq. 8 
loss, 


2gH 


7 q ran» from the shroud surfaces. Variables F,, and F,,, should be related to 
7 each other in proportion to their respective wetted surfaces. Afterwards, it 
| 
(i) 
4 
| 
I ethe same meaningasinEq.4. = 
Eye in Respect to Internal Losses.—The variable 


can be quoted (assisted by the « continuity ; equation) as a function of the 
oo of the impeller eye, D,, . If a straight inlet edge is assumed in accordance | 

with Fig. 7, along with c,,  Selag the mean meridian speed within the inlet 

area, then the continuity ‘equation applicable to the — inlet | will = = 


& In the above, 0 = flow rate in the design point; 9, = mean angle between , 
the radius and the axial vane section within the area of the inlet edge; and 
angle between the radius and a mean meridian flow line at it the inlet. 4 


asa feaction 


can be 


in which K, | K, = design- -conditioned constants if Nis Cmi/Cmiar 
D,/D,;, iad ,, are assumed as given. As is known, the flow coefficient, y 


defined in Eq. is computed as a matter convenience for reasons 


+0 


‘tan B,, 


with respect to cavitation on the vane surface, and ¢ = suction pipe loss factor f 
: ‘The optimum diameter of the impeller eye, Pree: as regards efficiency, 
at which the resulting losses, are minimized, is obtained from 


ion dh, = 0, as follows: 


(compare to Ref. 16). In ‘this case, \ = pressure factor for the critical a 


p/7 7 
Optimum Diameter of Impeller Eye with Regard to Cavitation 
‘a The normal negative suction head, h,, is computed to h, =B as NPSH, 
oa in which B’ = barometric pressure head minus the critical pressure » head; and 
7 NPSH = net positive suction head of the pump. In order to minimize excavation ee: 
- costs, i.e., the amount of A,, the NPSH must be minimized. Proceeding from a 


nonswirl influx (see Eq. 1), the following relationship to the NPSH, 


2g-NPSH = Au, +h) 


2 
Cmia 


| 
Substitute r,, in Eq. by the expression D,,/2, we s 
: 17 and 18, obtain the resulting impeller and diffuser loss, h 
at. dis me - 
ba 
| 
4 
| 


In the above, u,, = w'D,,/2. By means of this, the is obtained—after 
_ introducing c,,, from Eq. 19 into Eq. 23—(the relationship Osh Bnte being given) 
as a function of the impeller inlet diameter, D,, . The NPSH may be re represented 


q from the condition 'dNPSH/d D.. = 0, to the following: 


D laopNPSH 
‘Optimum Type Number with to to Efficiency and 


4 By equating the diameters obtained from Eqs. 22 and 25, D = 
we obtain the “‘natural optimum,” Of the type number, n,, defined 

in Eq. 5. The variable Mecpaneran | is a function of the pump geometry eames 7 
by quantities r,/r,, a3), the velocity relation c,, loss 


factors as 4 p> cavitation-c conditioned quantities" (such as as 


Cas 


Ds, J 


"For the purpose : of op timizing ‘the impeller outside diameter i in — with 
P 
Eqs. 6 and 7, this optimum-type number is to be into the 


formula 
An impeller eee on these lines represents a distinct optimum with regard 


t 


Applying the customary speed ‘coefficien 


eet Ur, 


Kk = a . 

In om = speed coefficient to the | process. of pumping; 


| 
q 

The optimum diameter of the impeller eye with regard to 
| 
: 
scan 
| 
| 
defining the speed ratio thus: 
| 


PUMP TURBI 


‘The a ratio must also be defined 


In the ; above, oT flow re rate i tacibiaa ®, = contraction factor at the pressure 
edge; Cm2 = meridian speed at that point; = c,,./u,, in which u, = w-r, 
petipherel speed at the impeller outside and x = H,/H,; = head 


ratio. Index p denotes the pumping and T refers to the turbining opera 


‘eal the triangles o of velocities at the pressure edge | (subscript 2), it is spots 


Me 


Turbining operation 


= [Map (1+ PF) tanB,. 


mar = 


In the eae ‘B, = vane angle at the pressure edge; p* = slip fi factor att that | 

point; and c*, = peripheral component of the absolute speed at the p pressure ‘ 
_ edge (variable p/T = pumping/turbining process), 
_ By means of this data, in emgryens with Euler’s fundamental equation 

governing turbomachinery (c,, = 0 applying in accordance with Eq. ‘1D, it ; 


_ is possible to quote the discharge ratio, @ as a function of the ee | ratio, 


— 
i A = — > 
— 


+ the above, n, = peripheral efficiency (hydraulic efficiency) i in the oll 
(subscript and pumping (subscript p) state. The variable ku, lop may be 


FIG. 9.—Hill of Pump Vestine 


nt, Taking into account Eq. 19, this lationship as follows: 


Ae 


2 mia 


lia 
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Sas: 


ano Discuarce Ratio as Compared with Connesronome Quantmes OF Actua, 


As an example, let us study a & pomp turbine with the following « data: 


= 20°; number of vanes z = 7; D. 1D, = 0.94: 
= 60°; and = 70°. ‘Thus, from 2. 019 is obtained. 


Operational- Conditioned Characteristic Quantities: Re = 0.92; ur = 
Lp = 0.19; = 0.01; = 0.05; = 0.25; = 0.9; = 1.0; 
= 0.2; v = 14-10 sq ft/sec; (1.3- 10-* m*/s); andc,.,./¢ 
-. 3. Main Operating Data of Pump Turbine: H, = 1,130 ft "G46 m); H i 
1,100 ft (336 m); Q, = 2,400 cu ft/sec m */s); Q, cu ft/sec 


Om’ /s); and x = H, = 1.030. 


| 
coefficie 
eo 
&g 
= 
‘a 
had 


‘The data listed in “impeller geometry”’ and ‘ ‘main data of pump 


7 turbine’”’ agree with those on the Austrian Rodund 2 pump turbine as far as | 
‘ the latter were available on simple lines. This pump turbine has a rotational c |; 
speed of n = 375 rpm in both modes of operation, the outside diameter of 
the impeller measuring D = 14.26 ft (4.35 m). 
4 Results.—By means of these figures, we obtain ¢,, = 0.310 from Eq. 21, 
and thus the vane angle of the inlet edge on the rim B,, = arctand,, = 
From Eq. 26, we obtain Renae 0.728; thus from Eq. 7, C = 
- from Eq. 6, D,, ics 14.23 ft (4.34 m). From Eg. 33, we obtain ku,» = 
The variables and ku,, agree well with the actual values of 
q the Rodund 2 pump turbine, which amount to D = 14.26 ft (4.35 m); Sn, = 


0.724; and ku,, = 1.037. Ths frodweet. petiorinoally higdly 
Eq. 17, we compute h’, = 0.044, and Eq. 18, = 0.036. 
These values require a peripheral efficiency Nup =1 — hip = 0.92, 
Which agrees with the assumed y,,= 0.92, ab ci foveal 
The actual ratio accordance with Eq. 28 reads 985. 


FIG. of Wakes Behind Runner Vanes on Inlet Zone of Gate 

from Eq. 32, we obtain q = 0.738, Bay as agrees well with the aie value, = 

Sreciat O Orenanionat Features OF 

Compromises Resulting Hill Diagram and Practical 
q Outlined i in Fig. 9 is the So- -called hill diagram (the curves with identical ef —— 
appear to be contours of hill) plotted for pump turbine in both modes 


= 2gH / r 
cross- -sectional area at the pressure edge.} 
Evidently applicable to the optimum points in pumping and modes. 


tors < >. 
» the the optimum point of the turbine zone is poneens further away from —. 


i 
i 
| 


= 
- origin of coordinates than the optimum point of the pump zone. ‘Compared 
: with the pump zone, the turbine section in the W- diagram is more closely ; 
limited by the runaway parabola (where torque is zero) and the parabola of 
j maximum discharge (this is the envelope of the curves with identical torque 
or identical rotational speed). From Fig. 9 it will be gathered that the curves 
of constant machine Speed, n, cross through the efficiency hills over a greater 
length in the turbine | zone than in the pump zone. This means a deviation from © 
the optimum point, maintaining constant rotational speed, when pumping involves _ 
a greater drop in efficiency than when turbining, 
In addition, by deviating from the optimum point when pumping, ncinteising ~~ 
constant rotational speed, the machine lands in an operating zone in = 
_ itis highly sensitive to cavitation. This would necessitate increasing the negative 
Ona facility purely designed as a pumped storage plant, the pressure coefficient, 
. belonging to the average level difference between the head and tailrace : 


ptt is normally the eva in the pumping and turbining modes of operation. iv a 


— 
y gate synchronous 
guide vane positioning 


---— — guide vane in position 
rupture of a shear pin if s stop 


ee collar has been omitted 


BIG. 11 —Ditterent Positions of Guide Vanes 


If, as is usually the case, provision is made for the same adapted rotational 
_ speed, Nett , for both modes of operation, then the aforementioned circumstance 


- calls for two courses of action to be taken (compare to Fig. 9): (1) It is necessary - 
_ for selection of the constant rotational speed, n,.,,, to be lower in the pumping» 
mode and higher in the turbining mode than the applicable optimum speed; — 
A and (2) owing to the same pressure coefficient, ¥, = V,, = V,p,, in both 
modes of operation, the actual turbine operation point, must be 
into th the partial-load region (compare to Fig. 9), where efficiency is lower, and» 7 
swirl occurs inside the suction pipe. This is mainly n necessary in order to Wadia 
conditions as regards cavitation when pumping. 
_ From Fig. 9 it will also be noted that, even in the case of a two-speed | motor 
generator set (rarely used), which permits optimum rotational speeds N opp [Ror 
in both moées of operation, both optimum points, _ and T are not attained 
if the level difference (and) thus the pressure coefficient, o) is the same 


— « 
1° 
discharge ratio, g, must (aside from the hydraulic optimum value) be 
— determined with due consideration to the average duration of the base- and ea 


to be paid to balancing the water quantities in the ‘and pumping — 
4 modes of operation, also io ate into account the processes of inflow and outflow — 


will then b be yielded. 
= OF Trousie AND REMEDIES 
as _ Normal Pumping.—In the course of pumping, wakes occur on the impeller 
outlet (compare to Fig. 10). This produces a periodically highly-varying angle — 
of attack, the guide vanes (functioning here as diffuser vanes) are flowed against. od 


If a wake passes a guide vane, then the unfavorable angle of attack generates 


a stall at the rear of the vane (compare to Fig. 10). (ev 
Asa result this, the vane channel ‘is temporarily blocked. At the 


svoun vou 


time, a torque, subject to periodic change, acts upon the guide vane in the 
If this causes rupture to a safety member (provision for which is usually 
-—_ on gates actuated using a central servomotor), then the guide vane may 
strike against the adjacent vane (as depicted in Fig. 11), _ with its end projecting ht? 
into the impeller. This pe destruction to the vane ends and possibly to 
the coupling bolts as well. ofthe guide vanes 
Such damage can be Adee by arranging for each of the guide vanes 
bs be actuated by an individual servomotor, these motors being subjected to 
- _ The individual servomotor must provide a torque sufficient to drive a vane 


even in case the vane is in an asynchronous position (29). 


_ Maximum turbine efficiency is attained only at the commencement of turbining __ 
= 
| 
— 


the course of should be not to displace the | gate. 

It will be best to block the guide vanes. If, e.g., the upper vane pin is provided | 
r. with a friction collar (compare to Fig. 12), this collar can be pressed ~ onal 

i the housing (by pressure applied to the front side of the lower vane pin) so 


q drive is immerged into the head cover, it is possible to ) prevent dangerous 
vibrations from level, pins and vane (compare to Ref. 23). 
_ Abnormal Operating Conditions.—The transitional operating conditions speci-— 9 
“fied in the following and capable of occurring following load rejection — 
- - turbining or failure of the pump drive, might possibly involve extremely-varying 
forces and momenta acting on the guide vanes and thus too, heavy vibrations & 
the machine shaft and cover (compare to Refs.2 and 10), 
opening of gate when pumping at full rotational speed. 
brake operation on low reversed flow < 0), lower rotational 
Spee 


eed, and slight opening of gate; in this case the. jet, partially deflected outwards 


te. 


Immerged | into Hollow, Ribbed Head Cover 


by the runner vanes, exercises a fluctuating closing moment on the guide vanes ae 
Centripetal turbine operation with extensive reversed flow (6 <0), and 
4, Runaway of turbine, (6 < 0); when accelerating a radial machine up aa 
the point of runaway, the flow will be throttled owing to centrifugal — 
this causing water hammer. The runaway, , whose operating point on the V- <-> 
diagram (Fig. 9) is located on the runaway parabola, V,, = const.-7,, is a 
dangerous condition owing to a high rotational speed being present without 
“While | occurrence of the | operating conditions described under 1-4 of the 
f _ preceding may be “‘stationary’’ in a case of emergency, the following two 
conditions occur only temporarily in the transitional process. 


- wake operation above the runaway speed | with reversed flow 


4 


Ss oo and —, is passed through when the flow rate is | reduced due 
‘ to closure of the gate, while the speed is almost equal owing to the inertia — 
of the rotating parts. aye iD quite cose keepiog wel 
2. Reversed pumping (@ > 0), with reversed (negative) sense of rotation; | 
this condition occurs, proceeding from the turbining process, when water hammer 7 
is caused due to closure of the gate, and the rotational speed decreases only . 
oa slowly, owing to inertia. Fig. 15 indicates, e.g., the water hammer characteristics © 
3 in the event of the load being switched off at a point of time, f, in the turbining _ 
mode of operation and the continuing to close. in Fig. 15 are 


done at the times indicated in the index t + nT, @- = 0, 1,2...). The variable 
tT, = L/a = transit time of the pressure waves in the a (L = pipe 
“length between Oand U;a=sonicspeed). | 
Commencement of Pumping —Up to 80% of the full load input 


Guide Vane 


AG. 14 14.—Flow Ph Phenomena Occurring during Pump Brake Operation 


lee speeding up into pumping action on the pump turbine presents a oct. = 
technical and in this case is to attain as short a start- -up 


‘this solution numerous matheds have already been a few of which 
are mentioned in the following, = Nits bide xs 
=. _ The pump turbine can be accelerated by the main motor generator: set directly, 
4 provided that this is capable of functioning as an asynchronous motor. Owing, 
_ however, to the low permissible motor temperature (80° C), this a 7 
the use of short-circuited full iron pole pieces as, e.g., at the Vianden 2 Facility 
On radial pump turbines with extensive head, the required Start-up power 
has, in most cases, so far been reduced by filling the impeller with air. However, — 
this solution extends the start-up time and transfers the ensuing problems to — 
a During the process of filling, the turbulent, vortex-affected two-phase mixture — 
a with its compressible air pockets may stimulate dangerous machine-shaft vibra- a 
tions with frequencies below the synchronous rotational speed. These vibrations 
may be influenced t by the design of the erage seals, as well as Sri the virtual 
= 


— 
| | 


poe of fluid linked with he acelin impeller. Such problems need to be 
_ carefully examined with regard to each individual machine and solved by applying 
Carrying out the process of filling from the suction pipe may, for one thing, 

_ force up the impeller temporarily besides causing some inlet shock to occur. 
_ The upward-force effect can be prevented if (as at the Taum Sauk Facility) 4 
compressed water is briefly allowed to act on the double-sealed crown in -_ 

i - ecordance with Fig. 9, thus pressing the impeller downwards (compare to Ref. - 
_ The inlet shock can be avoided if, by means of a jet, a simulated vortex 

, is briefly produced in the draft tube mouth. No inlet shock occurs when — 
= the gate owing to the speed coefficient normally incorporating the value 
~ Usually, both methods of filling are combined. The air pockets in the center 
- the suction pipe and at the top of the spiral housing must at all events 
.- removed carefully and quickly since these may produce shaft vibration, _ 
as as cause the drive power to fluctuate. 


Asam means of preventing faults from occurring, the 
should be observed: Gates, cover, bearings, and shaft should be constructed 
as solid, stiff designs. Opening of the air-exhaust valves and gate must proceed 
in accordance with appropriate principles of timing. The vent valve must be 
arranged to correspond to the purpose it is to fulfill. got 
damping type labyrinth seals are required to be provided at the impeller shrouds, _ 
as successfully applied in Europe. he: aft 


The design of a pump turbine is required to be based on an impeller outside 
_ diameter that minimizes losses resulting from disc friction and the diffuser in © - 


the course of pumping. This diameter can be computed as a function of the = 

given head, flow rate, and type number. rom iw 

Anew process applied to computing the type number contributes, in addition, i 
to internal losses and costs of excavation toa minimum. The optimum 


| 
\ rake 
| 


type i is related to data as well as to s and 


‘a computed “results are in quite with values 


in actual practice on a modern pump turbine. 
In addition, the design of pump turbines must take into account _ specific 


features related to the operation of the set. M 
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The following symbols are used in in this paper: eee < ry 
width of impeller 

= absolute speed; 


gpavity acceleration; 
head; 
loss; 
speed 
/ “hub/tip ra ai"; 
rotational apeed; 
type number; “he 
power; 
is factor; 
Q = flow rate; 
‘discharge 

peripheral speed; 
z  mamber of vanes; 


‘gliding angle; 


suction n pipe loss number; 
‘4 
‘hydraulic efficiency; 
rc of axial vane section with 1 radius oe 


“a 
t 
= 
a 
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of meridional speed with rac radius; 


density of fluid; 


a= oe defined in Eq. 13; and TANTARLS 
os angular speed. PPER 
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RIVER THERMAL STANDARDS Costs 
THE UppeR Mipwest 


> Electrical energy demand in the United States may more than double > before — 


the year 2000 (14). To: meet this increasing energy requirement, , power plants” 4 
; of large capacity presently are being planned or installed by many utilities. — 
_ Table 1 summarizes existing and proposed power capacities along the Missouri 
and Upper Mississippi Rivers in the Mid-Continent Area Power Pool (MAPP) } 
geographical area. Waste heat ‘rejection from the generating units is achieved 
: by the transfer of heat to the atmosphere by means of a cooling tower, spray 
canal, cooling | pond, river, or other large body of water, 
‘h Once-through cooling has the lowest water qonsemation of any evaporative 
cooling system (although water use is greatest, virtually all is returned to the © 
_ fiver). A summary of water consumptions of different cooling systems is given — 
_ iby ‘the En Environmental Protection Agency (6). However, the use of cooling water 
4 ‘in a once- through “mode from the Missouri and Mississippi Rivers. has come 
Za sharp scrutiny in recent years because of possible environmental ramifica-_ 
gs All states through which the rivers pass have adopted river temperature 
standards, which are enforced by Federal and state agencies. The U.S. Environ- ' 
mental Protection Agency has mandated that thermal discharges into natural 
rivers from power plants placed into service after January 1, 1970 (or 1974 ; 
- depending on the size of the plant) | | will not be permitted after July 1, 1983 
For existing plants, stringent standards sometimes require operation of the 
= at a derated output level to maintain river temperatures within the allowable é 
"Assoc. Prof. and Research Engr., Dept. of Civ. Engrg., lowa Inst. of Hydr. Research, 
Univ, of Iowa, City, lowa 52242, = defined ty 
7 Adj. Asst. Prof. and Research Engr., Dept. of Mech. Engrg., | lowa Inst oy . of Hydr. 


Research, Univ. of Iowa, lowa City, lowa 52242. 
> Water Research Engr., Bechtel, San Francisco, sco, Calif. 
Note.—Discussion open until Oct. 1981. To extend the e closing date one month, 
a written request must be filed with the Bm of Technical and Professional Publications, = 
_ ASCE. Manuscript was submitted for review for possible publication on May 13, 1980. . 
+ 20 This paper is part of the Journal of the Energy Division, Proceedings of the American — 
Society of Civil Engineers, © ASCE, Vol. 107, No. EY1, May, 1981. ISSN 0190- 
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. problem, the power plant will operate at less efficient energy conversion rates, 
a fuel and water consumption will increase. For proposed power plants (those — 


of a ‘power plant with a closed- -cycle cooling system is to avoid 


ait have been sited) similar comments can be made except outfitting economics _ 

§ (as opposed to backfitting economics) apply and planned capacity may be affected. 
For once-through cooling systems, fuel consumption a and cooling-related power- 
generation costs are heavily dependent upon the thermal standards, ond 

= standards limit the amount of heat discharged to the river, increasing energy 

ie Studies of power-plant cooling systems (4, 7) and investigations ions of the —— 

Bh ee of the Missouri and Mississippi Rivers (8,13,15) have revealed = 


‘ 


water consumptions for cooling and large expenses borne by utilities in | meeting 
river temperature standards at selected locations. These increases in water 
consumption and power-plant cooling costs are, of course, passed on to the ~ 


_ consumer and are borne by society, both directly and indirectly. The importance 


TABLE 1 _—Existing and Proposed Total Plant Capacities : along Missouri and Upper 
Mississippi Rivers,in megawatts 


and type of cooling Fossil | Nuclear Nuclear 


Mississippi: 


Once-through 
Wet coolingtower | 


of the conservation of water, energy, and capital makes it clear that e1 envi aecnnet 
thermal standards must be considered carefully. It is now evident in many 
areas that existing river temperature standards may over- “protect environmental a 
‘concerns at the expense of added water losses and energy usage. There exists af 
a need then for the adjustment of these standards to effect society’s desired _ 


- balance between environmental protection and cooling-related energy- production f 
_ The purpose of this study is to evaluate the marginal (incremental) changes 
in cooling-related water consumption 1 (evaporative water loss) and power-plant vad 
cooling expenses which result from unit changes in river temperature standards 2 


_ along the Upper Mississippi and Missouri Rivers in the MAPP geographical 


area. All existing and proposed (through 1987) plants located along the river 

reaches are assumed to be in operation. A number of hypothetical river thermal 
are considered including the extreme cases of free discharge (no thermal 

and no discharge. The costs of existing and more restrictive 


and 


etcooingtower 1,770 | 1,692 | 2,750 | 1,100 
i 


water consumption over the free-discharge case. Less restrictive e standards also 
are examined fc for their probable impact in the MAPP region bas | 
_ Related regional studies were made by Giusti and Meyer (11) and Hu, , et 
al. (12). Of course, specific site trade-offs involving thermal standards ~anal é 
a P little meaning since environmental impacts are created by (and affect) re 
q = plant cooling along the entire river, and standards cannot be set on ca 
Site-to-site basis, although variations are often allowed when « downstream en 
vironmental impacts are demonstrated to be minimal. Thy, 
_ Research efforts which supplied useful inputs to the present study include 
_ several projects at the Iowa Institute of Hydraulic Research (IIHR) in the areas 
, of thermal regimes of the Mississippi and Missouri Rivers (8,13): (1) Optimization : 
_ of dry-wet cooling towers (1,4,5); (2) economics of back-fitting power plants : 
7 with closed-cycle cooling s systems (3,7); and (3) a study of optimum mechanical- — 
draft wet cooling towers to supplement once-through cooling at selected Missouri 
‘The computational scheme to assess the cost of thermal standards required © 
the use of models previously developed at IIHR. The Thermal Regime 
Model (ITRM) examines the steady-state thermal regime along the study reaches 
the Missouri and Mississippi Rivers. A modified version of the model 
4 used to locate regions where the river temperatures exceed allowable limits a 
Ei for any prescribed set of thermal standards, and to assess river evaporation 
for heat loadings consequent with those thermal standards. 
The second model, referred to as the Backfitting Model, evaluates cooling- — 
= costs of backfitting existing power plants (identified by the ITRM as . 
requiring auxiliary cooling for a set of thermal standards) with mechanical-draft © 
wet cooling towers. The third model, referred to as the Outfitting Model, computes 
_ cooling-related costs of outfitting proposed power plants (identified by the ITRM * 
as requiring auxiliary cooling for a set of thermal standards) with combined 
_once- e-through and wet tower cooling systems. guiloc? 


et al. (13), was used to determine the profiles corresponding 

to average flow and weather conditions along the Mississippi and Missouri Rivers . 
= in the MAPP geographical area. The model is based on a numerical solution 
of the one-dimensional convection-diffusion equation which predicts the longitu- — 
. dinal distribution of the cross-sectional average temperature along a river. The 
total river reach of interest is divided into a convenient number of subreaches. 
Each subreach is further divided into a finite-difference grid defined by a number | 

_ of meshpoints, and temperature distributions are computed for each pore 

separately. The solutions for adjacent subreaches are linked by the common 


‘for changes in the channel characteristics, 1 river flow 11 rate, and weather data 
_ along the river. The model is one-dimensional and assumes complete mixing 
_of the heated effluent with the river. This definition of river temperature does 

not necessarily conform to state and Federal regulations which sometimes specify 

mixing zone limitations. A ‘modified version of the thermal regime me model w was 


| 
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; used to com to compute » the heat assimilation capacity (p: (product : of allowable t temperature 
- and river flow rate) at various locations along the river corresponding to . 
various flow conditions. The modifications involved redefining the ranges of __ 
validity of the evaporation equations used in ‘the model as detailed elsewhere 
(10). Evaporation rates are computed for the ‘‘natural’’ ” case in which no man- -made 
heat sources are considered and for cases where thermal effluents from existing 
and proposed power plants are included. Net evaporation rates due to the presence 
* the heat loads are computed by subtracting the natural evaporation rate 
_ from the evaporation rate with thermal discharges. The model does not include ¢ 
sublimation from ice and assumes zero water temperatures 
_ Outfitting and Backfitting Models.—The economics of power- t-plant co cooling 
is dependent mainly on the turbine-condenser subsystem characteristics and 
on the size and type of cooling system. Two basic types of turbines are considered 
to be representative in outfitting and backfitting and their characteristics are 
given elsewhere (7). One turbine type is a high-pressure back-end loaded unit 
, _of contemporary design, while the other is a low-pressure back-end loaded unit — 
representing some of the older plants. Cooling characteristics curves may ol 
determined for any specified size and type of turbine-cooling system by wing 
an appropriate model. The size of a once-through cooling system is primarily — 
determined by the design condenser flow rate and by the design condenser 
temperature rise. The cooling characteristics curve is determined by the size 
_of the system and by the actual heat-assimilation capacity of the stream. For 
_ mechanical-draft wet cooling towers, the size of the cooling system is specified — 
by the dimensions of the tower and the design meteorological conditions eens =! 


« capacity loss, fuel consumption, makeup ' water, energy loss, and other: quantities 

. may be obtained from operation points on the cooling characteristic curves 

corresponding to applicable meterological and stream conditions. 
 Power-plant cooling costs are composed of capital costs which include the 
_ costs of cooling system structures, condensers, pump and pipe systems, and y 
 saplecenent capacity, and operating costs which consist of the costs of fuel, 

_ makeup water, water treatment, maintenance, and replacement energy. These 
costs are determined from unit costs provided by MAPP (10) and from cost i 
relations described by the first writer, et al. (2). The total annual cost is computed __ 
by adding the operating cost to the product of the capital cost and the “‘fixed-charge = 

The fixed-charge rate reflects the annual cost of raising the required 
capital and includes such factors as interest on debt, required return on the 
_ stockholders’ equity, depreciation of equipment, property and income tax rates, — 

Additional factors to consider in the economic assessment of backfitting an 

ol existing unit are: (1) The cost of installing the cooling tower, including materials, 

labor, site acquisition, and site preparation; (2) the plant downtime for system 

q changeover; (3) the provision of additional generating capacity to replace the © 
power consumed by the cooling system; and (4) the additional cost of power 

: generation due to limitations imposed by the use of a closed-cycle system. 

y; The first three of these quantities are capital costs and the last is an operating ; 
cost — over the ‘remaining lifetime of the plant. Procedures for their 

hy 
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_ determination are contained i in Refs. 3 and 7. Once these co costs have been fixed, 
the total cost may be computed by using the fixed-charge- -rate method. 
APPLICATION dun standard: + sone tec Upper 
we There i are 20 existing power plants, with a total of 48 units which utilize 
the Mississippi River for once-through cooling in the MAPP area. In addition, 

_ there are two proposed power plants, each with one unit, and five additional 
units at existing power plants for which the cooling system type has been specified. 
No the Missouri River in the MAPP region, 10 power plants” with a 7 
| of 24 units utilize the river for once-through cooling. The locations and cooling — 

system details of existing and proposed power plants are given in Ref. 

_ Besides power plants, other industries and municipalities located along the river 

_ impose additional thermal loads on the rivers. The industrial and ie 
effluents are small compared ‘to those of power plants and generally ar are not 
TABLE 2.—Unit Costs, in 1977 Dollars” 


_ Description 7 Cost 
Condenser $12/sq ft of surface area 


$5,000/acre 
$1.8/1000 gal 
$0.15/1000 gal 


| 


Maintenance wet towers draft) $300/ yr/cell 


0.093 m?; 1 acre = 4,047 m’; gal = 0.00378 m°. 


_ large enough to produce any significant effect on the temperature profiles or 
evaporation rates so they a are not included i in the present study. 


‘determinations were re provided by MAPP. They are listed in Table 2 in n terms 
of 1977 dollars and are valid only for the MAPP region. All power plants are 
assumed to operate at an 80% capacity factor. Power plant costs are couiaea 
herein by multiplying operating cost components of the full-throttle costs by 
r 0. 8 before computing the equivalent annual cost with the fixed-charge-rate method. 

4 ‘Fixed- -charge rates of 17.90% and 14. 75% were used in the economic sncieie 
bi of existing and proposed power plants, respectively (6). All existing power plants r, 
pe, are assumed to have a remaining life of 20 yr and proposed power plants are 
assumed to have an operation horizon of 35 yr, 
& _ The flow chart shown in Fig. 1 outlines the computational procedures used . 
to costs of power production an and water consumption | 
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THERMAL STANDARDS costs 


for changing thermal standards. “Major | steps in in the ne flow ch are indexed to 
4 1. Data on existing thermal standards along the Upper Mississippi and Missouri 
of Rivers were obtained from publications of various state government mcs 
applicable to the MAPP region. The allowable temperature rise ‘‘above the 
natural’ presented in these thermal standards is assumed to aon to the 
temperature excess above the ‘“‘natural thermal regime” of the river (temperature 
distribution that would exist along the river if all man- n-made heat sources were 
2. The months of February, May, August, and November are assumed to 
represent the four seasons of the year and, thus, characterize the a 
and hydrologic conditions that prevail over the whole year. 
_ 3. The river temperature profile is calculated separately for thermal discharges, a 
from existing and existing plus proposed power plants. When unspecified, it a 
was assumed that proposed power plants utilize once- through cooling and operate 
e. = overall efficiencies of 36% and 32%, in-plant heat losses of 15% and 5%, 
and a condenser temperature rise of 18° F (10° C) and 25° F (13.9° C) for fossil 
nuclear plants, respectively, in accordance with past IIHR experience. 
a “Ss Cases in which thermal standards are exceeded are identified corresponding ie 
_ to the thermal regime computation using average flow conditions. = 
3 5. Regions where thermal standards are exceeded under low flow (7-day, 
 10-yr low flow conditions) or average flow conditions are identified. Note that 
_ thermal standards exceedance under average flow conditions does not necessarily | 
indicate that thermal standards are exceeded during low flow conditions. Because 
of the different rates of temperature decay for the two flow cc conditions, cumulative 
upstream effects on rivertemperature differ, 
_ 6. Capital and operating costs of once- -through cooling systems are based 
on the assumption that the unit is operating at low turbine back pressures. 
7. All of the ‘power plants considered in this study | are, or will be, located — 
along major rivers; therefore, hybrid cooling systems were adopted for those : 
_cases in which the river heat-assimilation capacities were found to be inadequate - 
‘to assume the entire waste-heat load when the plant is operated in the once-through 7 
- cooling mode. It is recognized that few, if any, hybrid cooling systems have 
a been utilized to date. However, rapidly increasing fuel costs and the results — 


_of other recent studies suggest that hybrid cooling systems will become steadily _ 
more attractive. These systems enable one to utilize the available heat-assimilation ri 
i capacity of the river, with the result that smaller cooling-tower systems are > 
_ required. Moreover, during major parts of the year it may not be necessary — e 

to operate the towers at all, which can result in further significant savings — 

of replacement energy and maintenance costs. Hybrid cooling systems consist — 
x of once-through and mechanical draft wet cooling tower combinations. Hybrid 


systems are designed to meet thermal regulations at the 7-day, 10-yr low flo’ 


7 : conditions and are operated to provide the least cooling required to meet thermal x 

regulations under average flow conditions. Hybrid cooling-system costs were | 
calculated in the following manner: The capital costs were assumed to vary 
linearly between the costs incurred for once-through cooling and those for full 


closed-cycle cooling with the wet cooling towers. The hybrid ¢ cooling- -system 
capital costs were then calculated from the following 


| 
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heat- assimilation capacity. The « -cost t calculations we were made 
_ for the 7-day, 10-yr low flow conditions. Operating costs were computed as 
. described previously, except that they were based on the allowable river 
heat-assimilation capacity for average flow conditions. = = | 
-.: The procedure used to compute the equivalent annual cost of a proposed — og 
plant is the same as that outlined in clarifying remark (7), except that the costs = 


 Cooling- related power-production costs several different hypothetical 
thermal standards were computed for all existing and proposed power plants a 
along the Mississippi and Missouri Rivers in the MAPP area. Site-specific cost - 
details are given in Ref. 10. These costs were compared, and marginal trade-off — 
_ The thermal standards considered herein are: (1) The free-discharge standard 
_ which allows all power plants to use once- “through cooling with no restrictions; 
7?) the no- discharge | standard which allows no once-through cooling: (3) the 
_ existing thermal standards which have been established by each state and generally _ 
consist of a maximum allowable river temperature and a maximum allowable 
temperature rise due to thermal effluents [details of the state regulations are 
om by the second writer, et al. (10)]; and (4) several other standards given 
as temperature decrements from the existing standard. The results are summarized 
Ee as regional cost comparisons in Table 3 and Fig. 2. The total cost and the 
: incremental cost above the free-discharge case for each standard are given. __ 


. It is interesting to note that the total unit costs (in mills per kilowatt- hour) ; 


for the various thermal standards on the Missouri River are greater than the 
corresponding costs on the Mississippi River. This difference is due to the 
q greater ratio of fossil-fueled power to total power r generation on the Missouri 
i River which increases the total unit costs. The incremental unit costs of thermal 
_ standards are much greater for the Mississippi River compared with the Missouri. 
__ River because a substantial number of existing power plants on the Mississippi 
- River employ closed-cycle cooling. The fuel-consumption cost with a once-through 
- cooling System operating in the free-discharge mode turns out to be the same 
as or higher than the corresponding cost for the same power plant utilizing 
a mechanical-draft-wet cooling tower. This phenomenon is due to the derating 
of some plants with wet towers at certain times because of adverse meteorologic 
conditions. Consequently, fuel consumption is lower with the wet tower. Under — 
_ these conditions, however, large amounts of replacement energy are required 
_ with high replacement energy costs. The decrease in fuel consumption of plants _ 
with cooling towers is, of course, counteracted by an increased fuel consumption cn. 
of the plants supplying the replacement energy, 
An additional cost of thermal standards may be measured in terms of energy 
losses which occur because s @ power plant with a cooling tower © operates at 
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Incremental 


Costs above Fr Free- Discharge 


Thermal Annual Mils per | Annual Mils per wet 
standard i 10° dollars kilowatt-hour 10° dollars kilowatt- hour 
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Free discharge | 7548 | 871 | — 
‘Existing 908.7 | 1049 «183. 
decrement | 9126 | 1053 | 1578 | 
discharge | 1,003. 248. 2 2.87 
2° Fdecrement | 464. 0 | 10.88 | ~ 
Fdecrement | 475.1 | bond Mad 


Nodischarge | 551.5 | | 


INCREMENTAL” COST OVER FREE-DISCHARGE 
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a turbine back i 
run the fans and pumps of the cooling tower. These energy losses represent — 
7 the amount of energy that must be purchased from other utilities. Energy losses" 
were computed only for the existing and no-discharge cases. . The amount of * 
- annual energy loss that occurs at the existing thermal standard for the power 
plants along the Mississippi River is 1.13 x 10° kWh or 129 MW. The total — 
- annual energy loss which would occur at the no-discharge thermal standard an 
is 2.14 x 10° kWh or 244 MW. For power plants located along the Missouri 
River, there is no energy loss due to closed-cycle cooling at the existing standard 
_ because all of the existing plants use once- through | cooling. The total = 
; “energy loss which would occur at the no-discharge thermal standard is — 
a increased evaporative water loss due to river temperature rise by thermal 


| 


effluents in once-through cooling or due to heat transfer by evaporation in 
a wet cooling tower is also a cost that should be considered. A presentation 
of the details” of evaporative water loss due to power generation | along the 
aesthetics, etc. in comparison with benefits that can be measured in economic _ 
terms. Impacts a thermal discharges on streams can be measured in terms © 
of temperature distributions, dissolved oxygen content, eutrophication, etc., and 
_ biological data can be used to determine tolerance levels for various species — 
of fish. Combinations of these two data sources will result i in cause- -effect 
_ felationships whereby certain maximum te 
can be related to the number of fish adversely affected. However, the value 
of preserving fish and wildlife cannot easily be quantified in dollar terms. a 
a result, the value of preserving the aquatic-life environment takes on a qaaive 
_ character i in the determination of the costs and benefits of energy production. _ 
"The effects on fish and wildlife as a result of thermal discharges from power 7 
d plants is often termed a technological external cost/benefit which cannot be acl 
priced easily and is produced incidental to the purpose of power production. 
Since the external costs/benefits of heated discharges can seldom be valued _ 
or quantified in terms appropriate for comparison, the decision maker must 4 
weigh them subjectively and rely heavily on identification by analysts of the Bpe 
environmental consequences and associated costs of conservation. Here the a 


F question is one of perception and of proper identification and measurement 


of long-term biological and economic effects, Meares 


a A decision maker who is aware of the environmental ramifications of thermal _ 
standards can determine future thermal standards at least partly on the basis ‘ 


of the costs incurred in meeting those standards. The question then becomes - 
not how much are fish and wildlife worth, but how much is the public : willing ‘ 


4 
to pay for increasing environmental benefit. One way of presenting the costs  __ 


of thermal standards is in the form of trade-off relationships which Mississippi 
_ and Missouri Rivers in the MAPP area is given in Ref. 10. It is shown that 
- along the Mississippi River the _cxisting standards result in an annual water 
_—. of about 129 x 10° m’ which is an increase of about 23 x 10° 


‘no- -discharge amet ‘represents an annual increase of 42 x 10° m’ over the 

free-discharge condition (40% increase) and an annual increase of 19 x 10° 4% 
‘ mm over the existing thermal standard (15% increase). Water consumption for 

the 2° F (1.1° 3° F (1.7° C) and ant Gs: 4°F °F (2.2° ©) decrement s standards is is 
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THERMAL STANDARDS COSTS 
not significantly larger than that for the existing: standard since i 
substantial increase in the number of plants requiring backfitting with wet towers { 
f _ Since all power iit on the Missouri River use the once-through — 
cet mode at existing thermal standards, the annual water consumption of about | 
61 x 10° m° for the existing thermal standard is the same as that for the 
_ free-discharge standard. The no-discharge thermal standard represents an annual 
increase of about 6 x 10° m’ over the existing or free- -discharge condition — 
7 (10% increase). There is no significant increase in water consumption at the 
_ 2°F (1.1° C) and 3° F (1.7° C) decrement thermal standards. However, at the 
4° F (2.2° C) decrement standard, thermal te occur under average 
TABLE 4.—Permissible Plant Capacities—Fossil—at Different Standards, in 


Existing: | nerement incremen 


flow at a number of plants, causing them to adopt hybrid cooling systems amie 
increasing total water consumption by about 1 x 10° m’ n (2% increase) because — 
4 of the additional cooling tower operation, == j= | 
To this point computations have been made for several thermal anata 7 
more restrictive than existing. (The free-discharge standard was considered merely 
as a basis for computing the incremental cost.) To address hypothetical standards 
more relaxed than existing, the 2° F (1.1° C) and 4° F (2.2° C) increment thermal 
standards, which represent a 2° BE (1.1° C) and 4° F (2.2° C) increase above the | 
3 existing allowable temperature rise are examined. Along the Mississippi River, — =f 
the former standard would refer to an allowable temperature rise of 7° F (3.9° © > 
the latter to F (5° C) allowable rise. Since no exceedances 


a 

514 7 729 908 

D) Missouri Kiver 


occur at the existing waits under average flow sondisiona.ie and few occur 
the low-flow conditions, no significant changes" in costs may be 


at standards more relaxed than existing. It is evident, however, that there would — 
be considerably more heat assimilation capacity in the river at the relaxed 


__ The real benefit of relaxed ‘standards is, therefore » the ability to size — 


cooled plants there ‘would be no substantial ‘savings in cost in ‘mills. per 
c _ kilowatt-hour as a result of greater installed capacity. Locations of permissible — 
i — under investigation along the Mississippi River are the same as those © 
- identified previously by Paily, et al. (13). Permissible plant capacities (assuming — 
100% capacity factor) at these locations for the existing and the 2° F (1.1° a 
7 and 4° F (2.2° C) increment thermal standards under average flow 
3 are obtained through the sequential use of the ITRM. Existing and proposed 
power plants are assumed to operate at the 80% capacity factor. The computations 
are based on the assumption that the permissible plants are fossil units operating | 
with an overall efficiency of 36% and in- plant — The permissible ~ 


as 
q ‘power plant capacities are listed in Table 4. 


i _ Environmental objective functions are difficult to define due to the noncom- 
, -mensurable nature of the benefits derived from fish and wildlife preservation, 
“depict the costs of meeting various thermal regulations. tm AS 
Determining future thermal standards will be a difficult problem for decision i 
am However, if the costs of providing different levels of environmental a 
protection are considered along with a complete analysis of the benefits that | 
would accompany different thermal criteria, the task of setting new regulations 
s becomes a cost-benefit problem. The trade-off relations of this study can be 
a used to assess the costs of maintaining the. existing thermal standards or adopting — be 
_ more restrictive thermal standards. __ 
bi This study was funded jointly by | MAPP and the United States Department va 
- of the Interior, Office of Water Research and Technology under public law - 
_ 88-379 as amended, made available through the Iowa State Water Resources - 


the MAPP Coordination Center in providing power plant data, and the technical 2 
assistance of M. P. Cherian are a. 
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of The University of Iowa. The cooperation of the MAPP-member utilities and = 
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Louverep OFFsHore INTAKE FOR DIVERTING 


Yusuf G. Mussalli,, M. ASCE, Edward P. Taft,’ Johannes Larsen, 
The The impingement c of fish at t cooling- ~water intakes has become a major =o 
in pow power-plant operation due to the potential impact which fish losses may 
_ have on the fisheries resources of an area. As a result, extensive research 
q being directed toward developing methods for diverting or collecting fish - 
takes or preventing their passage into intake structures. = 
me offshore intake structures connected to an onshore screenwell by tunnels 
or pipelines, efforts have been concentrated on the guidance or collection of je 
entrapped fish within the screenwell. Another possible solution could be to 
_ initially prevent the presence of fish in the screenwell area by diverting them 
to a bypass within the offshore intake, 
_ This paper examines investigation of wide-spaced louvers designed to divert — 
fish within an offshore intake to bypass which lead to a submerged jet pump _ 
for discharge at a remote location. The studies described in this paper were 
conducted for Niagara Mohawk Power Corporation in an effort to develop a 
system for bypassing fish within the offshore intake structure of the proposed — : 
. Nine Mile Point Nuclear Station—Unit 2 to be constructed on Lake Ontario. 
Review of Lireratune ode? wrew eta) LA 
A limited amount int of research has been con: conducted on the « design of repent 7 
intake structures for the prevention of fish entrapment. A small 
_ number of studies have been conducted to determine whether modifications 7 
_ to the conventional velocity cap intake might lower the number of adult and 
‘ juvenile fish entrained in offshore intakes. Schuler and Larson (2) found that E ; 
by extending the cap out from the vertical intake shaft, more uniform approach cs 
Consultant, Hydr. Div., & Webster Corp.., P.O. Box 2325, Boston, Mass. 
Ecologist, Environmental Engrg. Div., & Webster Engrg. Corp., P.O. Box 
Lead Engr., Alden Research Labs., Worcester Polytechnic Inst., Holden, Mass. lass. ” f 
“Dir., Environmental Affairs, Niagara Mohawk Power Corp., Syracuse, 
Ona —Discussion open until October 1, 1981. To extend the closing date one month, 
a written request must be filed with the Manager of Technical and Professional Publications, _ 
- ASCE. Manuscript was submitted for review for possible publication on June 10, 1980. 
This paper is part of the Journal of the Energy Division, Proceedings of the American — : 


Society of Civil Engineers, ©ASCE, Vol. 107, No. EY1, May, 1981. ISSN 0190- 
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velocities were achieved, resulting in reductions i infishentrapment. 
Other changes in offshore intake designs have also been experimented with - 
ouniie are porous dikes and subterranean infiltration systems (1). The porous 
_ dike is costly, and problems of clogging and fish entrapment have not, as yet, 
been satisfactorily resolved. Also, when an adequate aquifer exists for an 
infiltration system, experience indicates that the maximum capacity of a — 
well may be limited to a maximum of 20,000 gal / min (80 m’ / min) thus restricting 
4 this concept to makeup intakes. = 
_ Another concept, the use of slotted wedge-wire screens and perforated pipes, 
requires an ambient current of approximately 1.0 fps (0.3 m/s) to aid in the 
self-cleaning of the screen or a backwash system, or both (1). This concept 
has also been limited to makeup intakes for small flow rates. Seber ae, 
Behavioral barriers, such as air bubbles, hanging chains, and water jets have 7 
_ been shown to be only partially successful in diverting fish under specific hydraulic 
and environmental parameters (3). os in oo 
%: The concept of utilizing wide-space louvers in an offshore intake arose as ; 
an extrapolation of screenwell diversion studies with louvers spaced 1 in. (25.4 2 
mm) apart, angled 25° to the flow, and tested at approach velocities of 1.0 
fps-1.5 fps (0.3 m/s-0.46 m/s) (4). Since such close spacings between onl 
_ would be impractical at an offshore intake due to the potential for clogging 
with debris and ice, it was conceptualized that wider spacings, combined with | 
high approach velocities, might act to establish the hydraulic conditions necessary _ 
to guide fish away from the main water flow and into a bypass located within = 
Prior to testing in a large scale model, it was decided to conduct studies 
in a small-scale model in order to evaluate the potential of the wide-spaced 
louver concept. All tests were conducted with Coho salmon. paTonanid so wreeR 
_ The small scale model used in this study is shown in Fig. 1. The test flume — 
was 3 ft (0.91 m) deep, 3 ft (0.91 m) wide, and 58 ft (17.7 m) long and was - 
capped with Plexiglas to a depth of | ft (0.30 m) to obtain the desired flow =~ 
velocities. An array of 15 L-shaped louver vanes were placed at an angle of 7 
a 6° to the flow and led to a 6-in. (150 mm) wide bypass downstream. The approach 
if velocity was 3.5 fps (1.66 m/s) and the bypass velocity was 2.0 fps (0.61 m/s). 
‘The design criteria were based on achieving an approach velocity as high as 
possible within the flow limitations of the flume, a velocity through the louvers 
of about 0. 5 fps (0.15 m/s), , and a louver spacing of 1.0 ft ft (0.30 m) to minimize i 
i. The first series of tests conducted showed that most of the fish introduced 
into the system passed through the last three louvers (13, 14, and 15 in Fig. 
dd rather than being guided to the bypass. It was apparent that, due to the _ 
nature of the louver system, hydraulic conditions had been established which 
caused a disproportionately large percentage of the total flow to enter the last : 


few louvers. This, in turn, created high \ velocities which the fish could not — 
avoid. For this reason, a 0.5 in. (12.7 mm) perforated plate was placed over 
these louvers to induce more flow into the upstream portion of the tover 


array, thereby causing ¢ a more even distribution o of flow — os entire system. 


a lates of the fish, which \ were ‘introduced 
into the test area via four tubes inserted in the Plexiglas cap, entered the bypass 
The average e efficiency of the system. ‘under full light conditions was 80%. 
~ Generally, when fish were introduced into the flume, they avoided the louvers 
by swimming immediately to the wall on the bypass side and then ong 
_ downstream along the wall into the bypass. Those fish which entered the louvers 
did so within the first few louver vanes. It was evident that these fish were 
unable to quickly orient to the flow. 
When fish were introduced to a fully darkened flume, ‘the average ge efficiency i 
dropped to 66%, suggesting that a favorable reaction to the louvers pore. L 
at least partially, on the ability of the fish to perceive them visually, 
Under both light and dark conditions, fish were never impinged on the 0. 5 
in. (12.7 mm) perforated plate covering the last few louvers. This suggests 
that the improved efficiency of the system with this arrangement was due to” 
a better flow distribution rather than a physical — of the fish in this 
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FIG. 1 _—Simulated Offshore Intake Diversion $ Scheme, 3 ft Test Flume ime (1 ft = 0.305 m) 


Due to the limitations of the small-scale test flume adele it did not afford 
conclusive evidence that a wide-spaced louver system at an offshore intake 
‘i might alleviate fish entrapment problems. However, it was felt that the concept © 
had potential. . Accordingly, plans v were made to test the system in 1:9 and 1:1 “ . 
 emle models where efforts could be made to optimize the hydraulic characteristics ne 
of the system and where its — efficiency could be better evaluated. __ 
Drscaenion oF oF Possiete Pr Prororves Orrsore Intake 
It was stipulated that any intake system evaluated or developed for fish diversion 
_ should be suitable for either once-through cooling, closed-loop cooling, or possible 
- backfit to existing intake systems. In addition to this requirement of adaptability, x 
‘ the following criteria were also established: (1) Capability to minimize clogging P, 
with debris or ice; (2) must be practicable to construct; and (3) must require 


- To accomodate these criteria, the clear o 
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minimum, a “equal to the spacing of ‘trash bars at the face 
the intake and similar to that used in other existing intakes on Lake Ontario. _ 


ars and louvers would be electrically heated and a flow-reversal capability ‘ _ 


ould be in the design t to > backflush any of frazil 


"through slots in the roof of the structure. A jet pump would be used to induce a 


_ the suction flow of the offshore bypass since it is the —_ type of pump that 
BAR RACKS — ; 
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FIG. 2.—Octagonal Intake Structure with Wide-Spaced Louvers (1 ft = 0.305 m; i 
lefs=0.028m*/s) — 


‘Two basic designs for the intake structure were considered for model testing. 
The first, as shown in Fig. 2, is an octagonal structure with a diameter of 
84 ft (25.6 m). Flow would enter an intake segment through a 30 ft (9.15 m) 
wide by 7.5 ft (2.29 m) high opening at an average approach velocity of 0.85 — . 
- (0.26 m/s). The flow would accelerate gradually up to approx 7 fps (2.13 — 
m/s) at the beginning of the louver section. This 7 fps (2.13 m/s) compearat 
of flow would be maintained straight into a bypass opening which is | ft (0.30 


a m) wide by 4 ft (1.22 9 22 m) high and would represent 15% of the total intake © 
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 LOUVERED OFFSHORE INTAKE 


flow. Th he cooling water flow would pass the 15 ft (4.57 long 
array at an average velocity of 0.9fps(0.27 m/s), 
‘The fish bypass pipe would be concentric with the main shaft and would 
v4 return the fish back to the lake. The total design flow of this structure would _ 
1,500 cfs (42 m’/s), or 190 cfs (5.32 m’/s) per segment. 
_ A second design, representing a self-contained module, was later developed 
“for one segment connecting to a main shaft, as shown in Fig. 3. Structure 
‘dimensions were based on the water ‘Tequirements for a closed-loop cooling 24 f 


e incorporated into a once- — 
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FIG. Segment Module: Design a ft = 
Vin. = 25.4 mm; 1cfs=0.028m*/s) 


through cooling by connecting to an we 

@ a _ The intake module would be a triangular-shaped segment, having a velocity 
_ cap, a converging section, a wide-spaced louver array through which the cooling 3 
water would pass, and a fish bypass. This structure would be located so that 
the highest elevation was at least 12 ft (3.66 m) below the low water lake 
surface, as required by the United States Army Corps of Engineers and the 
United States Coast Guard regulations for navigational hazards. The opening _ 

to the lake would be 7.5 ft (2.29 m) high x 42 ft (12.81 m) wide and would 

be protected by 2-in. (50-mm) diam vertical bars _(25-m) 


— 

q 
305 m; 


- approach velocity of 0. 5 fps (0.15 m/s) and would face away from the lake 
shore in order to minimize the possibility of shore line pack ice drifting into D 
4 _ From the inlet opening, the structure would converge at approximately ._ 
_ 45° angle to a width of 10 ft (3.05 m). Similarly, the roof would slope down ai 
toa height o of 5 ft (1.52 adn (4.5 58 m) long wide- — louver arrays oe 


fom 


AAY 


__enacings hetween them the onenineg wold be size @ maximum average _ 
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- = would begin at this section on both sides and would be ane in the horizontal — 
* at 11. 5° to the flow to a 2 ft (0.61 m) wide x 2.5 ft (0.76 m) high bypass 
opening. The roof would slope down to a height of 2.5 ft (0.76 m). A center 
; wall would be incorporated between the louver — to enhance fish guidance. 7 a 


them. The louver slats would be set at a 50° par to the center line of the ie, 
- intake. The service and makeup water flow would pass through these louvers = 
and down the offshore intake shaft located behind the bypass opening. Fish 
would guide along the louvers and enter the bypass opening which would converge ‘a 
% into a suction pipe and then into an offshore jet pump. This pump would be 
located at the rear of | the structure in a fully enclosed removable housing. The 
__ bypass flow would be induced by | the jet pump. The driving flow for the jet 
pump would be supplied from in a closed-loop system blowdown flow. The 
_ blowdown flow would we taken from the discharge lines of the circulating water 
_ pumps, which, in turn, would be supplied with water from a cooling tower 
: basin. Fish entering ‘the | bypass would be returned back to the lake through 
A limiting parameter was in this | study a a maximum available blowdown flow 7 _ 
- of 24.5 cfs (0.69 m */s) to drive the jet pump which would correspond __ 


toa bypass velocity of 4.5 fps (1.37 m/s). 


; 7 Prior t to biological testing in a large-scale model, studies were conducted in - 
a 1:9 scale model. The purpose of these hydrodynamic studies was to evaluate — 


We 


a 
— 
™) 
q 5.—1:9 Scale Model of Segment Module odt 


hydraulically both concepts: the structure ure and the 
_ segment module. The major objectives were to observe the flow distribution 
"i . along the louvers for various louver geometries, louver array angles, and location - 
of the backwall of the structure. few 
‘The 1:9 scale model was s adopted because of its } flexibility i in allowing rapid rm 
| mode alterations, thereby pe permitting an evaluation of different geo geomeric con- _ 
figurations prior to testing in a 1:1 scale model. In this way, reasonable design 
criteria for the 1:1 scale model were established. 
_ Model Description.—One intake segment was modeled. The test section was ¥ 
a in shape and was situated in a head tank. The triangular test section _ 
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FIG. 6. Be » Flow. Lines 1:9 Segment intake 


Model 

was 10 in. (0.25 m) deep with a 5 ft (1.52 m) long side. Windows & were placed 
: in the : side walls, and the ‘top was made of Plexiglas to allow visual — 

a The octagonal model w was based on a once- ce-through cooling system while 
_ separately the segment module was based on a closed-loop cooling system. 4 
The design criteria were established on the basis of approach velocities and 


the velocity through the as show shown i in and 3. These criteria 


| 


sumsinedt in louver angles of 5.75° and 11.5° for the octagonal and segment module 2% 
models, respectively. Since the intake study was geared for a closed-loop system, 
‘a _ the segment module was developed further than the octagonal model. 
in In the octagonal structure model, nine different louver configurations were 
_ tested as shown in Fig. 4. Configuration 1 was L-shaped with 4.5 in. ( 115 mm) 

ton slats and 12 in. (300 mm)-long guide vanes oriented at an angle of 50 nil 

ey to the structure centerline. In configurations 2 through 6, the slats were _ 
5 in. mm) but the between the louver slat and the center 
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OTHROAT 
FIG. 7. Intake Module Velocity Distribution 1:9 Segment 
longer slats the downstream end ranging from 4.5 in. 15 
- mm) to 9 in. (229 mm). Configurations 8 and 9 were similar to walioumien 
4 except that a guide wall was located downstream of the louvers. The angle ji’ 
of the louver array to the flow direction was 5. Wau 
7 In the segment module model, only louver configuration 7 was tested (Fig. be | 
5). The angle of the louver array to the flow direction was 11.5°. The location | 
_ of the backwall was varied to determine its effect on the flow distribution ie 
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Test Results and ‘Analysis. —Louver configuration 7, which had progressively 
__ longer louvers toward the downstream end, was chosen for preliminary testing 
with: fish in the 1:1 scale model. This \ _was based on the characteristics that 


that large eddies were created at the longer downstream ‘slats with the f position 
of the maximum velocity being located at a greater distance from the lcaing a 
_ edge of the louver than the other louver configurations (Fig.6). 

_ The large eddies, resulting in a velocity gradient at the face of the louvers, 


VELOCITY AT CENTER WALL 
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CONFIGURATION 


8 
5 


Distribution, 1:9 | Module 


of high velocity ee with the position of the maxim velocity being further 
_ away from the face of the louver would enable the fish to react prior to reaching __ 
q Louver configuration 7 was used i in the segment module model. The resulting 
maximum velocities were lower and the distribution was slightly better jn 
in the octagonal structure. This could be due to the greater louver array angle — ; 
os The velocity distribution at the center wall is shown in Figs. 7 and 8 for 
4 — flows of 10% and 15%, respectively, of the total intake flow. The 10% 


q 
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AS 
‘LOUVERED OFFSHORE INTAKE 
flow to an approach to bypass ratio of 1: 1: 1 and 


the 15% flow to a 1:1.5 ratio. The "velocity gradually increases towards the és sg 
bypass under the 15% bypass flow condition i in contrast to the sudden decrease 
in velocity at the bypass under the 10% bypass flow condition. The ee 
7 = based on past louver studies, is preferred for guiding fish to a Spans, bl 
. fish are known to avoid areas of sudden increase or decrease in velocity. _ 
‘Moving the backwall further away from the louvers resulted in a slightly 
Bes improve velocity distribution along the louver face, as shown in Figs. 7 and . 


8. This configuration, however, ban not tested in the 1 scale model with ch 


1:1 DEL 


_ Model Description.—The 1:1 scale ded es shown in Fig. 9, was constructed 
inside a basin approximately 60 ft (18.3 m) wide, 70 ft (21.3 m) long, an % 
6 fi 83 deep. pumps | with a flow of 130 cfs 


a 


| 
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: Since the maximum depth of the test basin was 6 ft (1.83 m) and at least ts 
_ 1-ft (0.013-m) submergence was needed above the inlet to prevent vortices, é 
the maximum a of t the model inlet was s restricted t to 4 ft (1. 22 m). a. ; 
documented for test. These velocity ‘distributions were found to be fairly 
‘waleel: In addition, the velocity distribution within the area bounded by the 
= approach section, center wall, and bypass was fully documented. Fig. = 
pth velocity distribution, normalized to the approach velocity, 


11 shows the mid-de -de 


FIG. 10. and Bypass 
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at approach and bypass velocities of 3. 15 3.15 fps and 4.74 ie (0.96 0.96 m/s- ry 44 ne, 
respectively. Under these conditions, velocities along the louver array and center 
_ wall increased gradually and then suddenly decreased in the vicinity of the 
_ bypass, as shown in Fig. 12. It was concluded that a larger bypass to approach ~ 
- velocity ratio of about 2.0 would be needed to maintain the gradually increasing 
velocity gradient into the bypass, in order to enhance better fish guidance. alle 
: Biological Testing. —Testing of the 1:1 scale louver system began in late October 
1974. Testing with alewives was conducted in the fall of 1974, and the summer, 
fall, and winter of 1975. Testing with rainbow smelt was conducted in May — 
-. . These two species were selected for this study on the basis of their 
abundance in ice in impingement at Lake Ontario power- plant intakes. 


were installed to circulate water through the intake model. 

— q Since the intake structure was symmetric around the center wall, only half =f 

be modeled Fic 10 cho be lonver and hun 
|. 
it 
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LoUVERED oFFst OFFSHORE INTAKE 


4 ‘Fish we were introduced in the large upstream portion of hems model basin eonens 
“the flow straighteners and the retaining screen shown in Fig. 9. The 12 ft (3.66 oy 
_m) x 45 ft (13.73 m) area was sufficiently large to permit the fish to behave 
in a normal manner and to react naturally to the i intake structure. Fish entering 
_ the structure passed either through the louvers or into the bypass 2 and were 
collected in separate holding areas. The water temperature, time of day, intake 
velocity (measured at the beginning of the louver section), bypass velocity, 
number of fish which passed through the louvers, number of fish which entered 
the bypass, and the time of each event were recorded for each test. Diversion 
‘ efficiency was calculated on the basis o of the number of fish bypassed divided a 
& the total number of fish which entered the intake model. Za a 
Test Results and Analysis.—The results of the biological test aa. es — 
- given in Table 1. Tests were conducted at louver section approach velocities — 
a approximately 2 fps, 3 fps, and 4 fps (0.5 m/s, 0.9 m/s, and 1.2 -_ 
_and bypass velocities ranging from 2.25 fps-4.8 fps (0.69 m/s-1.5 m/s). Water 
Ss temperature ranged from 39° F-85° F (3.9° C- 29. 4° C). A total of 45 tests were 
conducted from October 1974-December 1975. | 


her 


The results ere analyzed a analysis we The 
independent variables analyzed included the number of fish in a test, water 
temperature, approach velocity, and the ratio of approach to bypass velocity. 
Since the tests were conducted in three distinct time periods, testing period 


was also included as a variable. The initial period of testing occurred in the | 


a fall of 1974 when eight tests were performed \ with alewives and four tests were — 
performed with smelt. The third period of testing was conducted in the fall 
of 1975 when ten tests were performed with alewives. 
_ The number of tests conducted with smelt were insignificant and therefore = 
_ not included in the analysis. However, the mean efficiency for the four smelt 2 _ 
tests were 22% with a 95% confidence interval of +8%. ésaal shiv! 

Results of 41 alewife tests showed that louver diversion efficiency a. 

from 8%-80% with a mean of approx 50%. A first analysis of the data indicated _ 
that testing period, approach velocity, and the ratio of approach to bypass 
velocity were the most important independent variables influencing efficiency. ~ 
The remaining variables were tested and eliminated from the statistical model ql : 
on the basis of | the criterion that P < 0.05. The final anaiys sis sh howed that 


q 
| 
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i=. 


Due to the variability i in diversion efficiency both and 
test periods, the results are difficult to interpret. However, it might be concluded a 

L * generally poor efficiency might be expected with this louver system under 
the physical and hydraulic conditions evaluated. analysis indicates that 

7 some difference in the behavior of fish tested in the three periods was important _ 
2 iis efficiency. However, the cause of this difference could not be sais 
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1) VELOCITY AT MID DEPTH TRANSECT 
FIG. 12. —Normalized Velocity Gradient, 1:1 Intake Module = (0.305 
determined within the scope of the study. The diversion ‘efficiency 
_ for all alewife tests was 48% with a 95% confidence interval of +14. 5%. In ¢ : 


2 order to determine the range of efficiencies which might be expected to occur er" 
_ within an offshore, louvered intake at Nine Mile Point—Unit 2, actual velocity * 
: conditions which would exist at this site was applied to the predictive least-s« — 
bs. equation developed from the study data. It was found that the efficiency \ aoa . 
ranged from 90.9% to a vane of 23.2% depending on velocity, water 
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TABLE 1.—Data Summary—Offshore Intake Segment Model 


| Approach] Bypass | Water [| | im 
| velo-— Efficien- 

Test feet per | feet per ih through a per- 

species Date | second bypass | centage 
6 

Alewife 
Alewife 
Alewife 
Alewife. 
 Alewife 
Allewife. 
“Smelt | 
«Smelt 
= Smelt 
Smelt 

 Alewife | : 

 Alewife 

Alewife 

Alewife 


 Alewife 

Alewife 
Alewife 

‘Alewife 


Alewife 


= 
« 


wal 


Alewife 
 Alewife 
Alewife 

Alewife 


Allewife 
 Alewife 
é Alewife 
Alewife 
 Alewife 
Alewife 3.0 x 
Alewife o | 39 | 


7 

| 

7/15/74) 15S | 23 | 7 

71/17/75, 40 | 60 | 79 | 197 | 243 

/18/75| 40 | 60 | 8 | 199 | 283 | 59 

7/19/75] 40 | 60 | 8% | 326 | 

7/20/75} 3.0 | 5o | 82 | 

7/21/75] 30 | 50 | | 143 | | 60 

1/2/75, 30 | so | 93 | 150 | 26 | 

11/04/75} 3.0 | 5.0 «(200 

Alewife |11/12/75} 40 | 60 | SI 


The The concept of louvered offshore intake is requires further 
development prior to being considered a practical solution for fish + Ceol 
_ The study is presented to report on the developmental work accomplished to a 
date an and to provide a guide for re researchers in this field. cn ‘ual 
_ The conclusions of this study are as follows: et ce 
The fish diversion efficiencies varied, ranging folie aul 91%- 
Zz Louver orientation and shape affect the flow and velocity distribution along _ 
the louvers. This in turn affects the fish diversion efficiencies. A gradually 


increasing — gradient into the is needed to better 


This concept was ant at the Mile Point Station—Unit 2. 
Instead, a highly effective screenwell fish-diversion system had been developed 
which will be used to minimize impingement. This system will utilize angled — 


_ traveling screens which will divert fish to a bypass for return to” Lake Ontario 
via a jet pump and transport pipeline. Studies with this system have shown a 
it to be very effective in diverting and transporting fish wa low resultant 
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METHANE. Gas | UTILIZATION FROM mM LANDFILL Sire 
we By J. Crutcher," Frank / A. Rovers,’ 


“The of a completed study for 
- Canada were to develop landfill gas extraction technology, to effectively use 
_low energy gas utilization technology, and to project the economics of landfill 


“the important details of the study to indicate the operational experience 
gained over the of 1979. 


The section of the St. Thomas landfill was in from 


' Pre wi 1967 to site closure in 1978. This 9. 7-hectare section has an average 
depth of refuse of approx 12 m. The landfill site received primarily domestic 


site. Liquid and hazardous wastes were excluded, although sludge from the 


and industrial solid waste. No segregation or recycling was performed at —- 


local sewage treatment plant was accepted for disposal. The site was operated r 


_ primarily as a sanitary | landfill, using the cell: method of operation. Little © daily = 


cover was placed except when required to ‘prevent blowing debris. Presently 
there is approx 0.3 m of final clay till cover soil. 
a _ gas recovery and utilization system was installed in the fall of 1978. The | 


io 
Partner, Conestoga- -Rovers and Assocs., Colby Drive, Waterloo, N2V_ 


Assoc. Prof., Dept. of Civ. Engrg. ., Univ. of oy Waterloo, Ontario N2L 3G1, 
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1980. This paper is part of the Journal of the Energy Division, Proceedings of the Americans 


Society of Civil @ASCE, al. 107, > EY1, May, ISSN 0190- 


f _ With increasing concern being given to future energy availability, attention ¥ 
is now focusing on nonconventional sources. A nonconventional energy resource 
that has historically been wasted, and in some cases creates a potential hazard — 
gas extraction and utilization (4). To this end, a gas extraction and greenhouse Pi 
7 utilization system was installed at the St. Thomas Sanitary Collection — 
a 
4 
— 
q 
i 


a pumping house to contain the gas p pump, meters, etc., anda ‘greenhouse facility. 
The system is depicted schematically in Fig. 1. The system extracts the gas 
from the gas well and either gas to the furnace (inside 


we FIG. —Schematic of Installed Gas Utilization ‘System 


the greenhouse) or wastes the gas to the atmosphere. More specific details 
on the elements of the system are described below. = | 
‘The gas recovery well instailation detail is shown in Fig. 2. The well consists 
of a 9-m diam augered borehole, logged as 0.3 m of cover soil, 8.5 m of refuse, 7 
and 0.9 m of native clay till soil. A 15.2-cm diam PVC (polyvinyl chloride) 


pipe with an attached 2.4-m ee a of stainless steel well screen was pinces 


mm 
— 
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.- is estimated that the gas well is s located in waste deposited during | 1972- 1973. 
2 The top > of the gas production well was enclosed with a 2.3-m section of 
0. 9-m diam concrete tile and a concrete plug poured at the surface. A precast 

_ concrete cap was placed and sealed on top of the concrete tile. 
: Two water knock-out drums were installed in the recovery system. The first — 
s was installed prior to the gas pump on the negative Pressure side. The 

in proses — bas ine Gar adi 
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PIPE ADAPTER(PV.C.) 
STAINLESS STEEL WELL 


SCREEN (50 SLOT) — 
5" PERFORATED PV.C. PIPE hes 
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_ second water knock-out drum was installed immediately ai after the gas gas pump 
on the positive pressure side of the pump. In addition, several drip taps were 7 
The pressure within the distribution line was controlled by a pressure control : 
"valve. This pressure was set manually using a pressure gage. A pressure r relief 
_ valve was installed as a safety measure. Two gas meters were installed to measure _ 
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may 


the was waste gas volume and the utilized gas volume. to 
- The gas extraction and recovery system was initially put into daily operation 
in January 1979. From January 30, 1979-June 29, 1979, the gas extraction system __ 
‘was operated continuously. During this time the pumping was interrupted only 
briefly for routine maintenance and sow 


To utilize t the landfill | gas, a greenhouse was constructed on the landfill “ 
_ operated through the winter and spring months. Constructing a greenhouse on 


landfill bee two primary ¢ concerns, () Landfill gas seepage within 


To control the possible influx of landfill , gas into the greenhouse, two layers” 


of 6-mil oe sheeting were placed beneath the structure. Also, the greenhouse — 


The greenhouse is heated by a conventional domestic gas forced air furnace. | 
“The furnace was adapted to run on landfill-generated - by increasing the 


orifice size and adding an external propane pilot flame. 
_ The propane pilot flame was necessary due to significant variations 
in concentration of the landfill gas. The use of a propane pilot flame alleviated 
this ange and allowed interruption-free operation. It is noteworthy that during 
operation, the propane pilot er, consumed approx 9 kg of a propane ina 
The heat requirements for the greenhouse were calculated to be 116 S/he 
The gas furnace installed was designed to operate on natural gas, ein q 
_ an output of 169 kJ/h. Because of the lower quality of landfill gas, the orifice | 
- size of the furnace was enlarged (0.25 cm-0. 36 cm). After the orifice size was ; 
changed, a gas flow rate of 0.123 m’/min into the furnace resulted, which - 
converts int into a value of approx 139 
ere used to control the greenhouse temperature. The g gas furnace ~ 
was used to maintain a constant temperature of approx 21° C. If the greenhouse ; 
_ temperature dropped below 10° C a backup electric furnace woe 
_ operation to prevent the temperature decreasing below freezing. — 
To demonstrate the reliability « of the heat source and the exclusion oe landfill 7 
_ gas from within the greenhouse, bedding were and tomatoes were grown over 


4 
_ Landfill methane gas concentrations were measured on site. The variation 


ie gas concentrations and pressures throughout the landfill site is covered 


elsewhere (1) wherein a a drawdown zone was identified. Of primary interest 


however, is just the of methane in the gas 


, 
7 by the gas extraction to assist in preventing gas intrusion into the greenhouse. — : 
‘by p & g 
Because of the anticipated settlement problems, a fiberglass panelled green- 
: house supported by prefabricated steel arches was determined to be the most : 
| 
1 
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METHANE GAS UTILIZATION 
‘Fig. 4 presents: a of recorded temperatures. | Examination of the : 
reveals ‘that during the « colder months Ge greenhouse temperature varies wind 
As the weather moderated in spring and intensity stronger, 
daytime greenhouse temperatures frequently rose to values in the high 20s and 
; low 30s. The higher temperatures weedy common in the month of June but were 
Somewhat controlled by cooling fans. both decroune 
‘The: standby electric furnace operated only once during the period from i 
; _ 30, 1979-June 28, 1979. On March 13, the propane gas tank used to fuel the 
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FIG. 4. Versus Time 
> 
pilot ran out of fuel. With no pilot flame the furnace not operate 
and therefore the standby furnace was automatically activated to maintain the ae 


The furnace operated on methane having variable concentrations | with no 
a” difficulty. As recorded in Fig. 3, the methane varied from a low concentration — 
_ A test was conducted to determine at what level the furnace would not sustain _ 
a flame. The test consisted of poe ode the landfill gas with nitrogen, and thus ~ 
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“the eer limit of methane combustibility for the — System was 25% 
‘The total amount of gas s utilized t to heat the greenhouse for via period January “ 

30, 1979-June 28, 1979 was measured as 13,000 m° . The gas wasted to the 

air for the same period was measured as 240,000 


a steady growth was achieved by the tomato plants i in the greenhouse. The 7 
first ripe tomato was obtained on May 23, 1979. During June and July tomat< q 
” As an example of the economic viability of extracting and utilizing —— 
landfill gas, a feasibility analysis was conducted for the heating of a i- ll 
TABLE 1 Amounts 3 


Variable | gas ges 


_ Estimated an- | 18. 1x 10° cu ft | 9.05 x 10° cu 
nual volume| 
required 
Estimated an- | 


(1979 rate) | $8,100.00 | $24,000.00 | $33,000.00 


7 “Including operation and maintenance, and amortization of the aaa cost of Son gas 


in many cases, a . declining situation (2). ‘Sharply escalating fuel costs and an 

abundance of low-price foreign vegetables have combined to erode greenhouse 

_ profits to the point where most operators are cutting back on production. 
‘Seventy-five percent of the increase in production costs between 1973 and 1975 

have been attributed torisingfuel prices. = | 
Historically the greenhouse industry in Ontario has been closely associated 
with the fruit and vegetable industry. In many cases the greenhouses are used 

to supplement field crops. For this reason most Ontario greenhouses are located 
in three main vegetable-growing areas of Ontario. 
The use of landfill gas, however, would limit the greenhouse locations to 
landfill sites that are both properly constructed and large enough to produce —_— 
 geliable, useful amounts of gas. This would tend to decentralize 
construction and would require that the greenhouse be economically viable > 
own right and not be just a part of a large farm system. 


The total, installed and ready-to-use cost of a one acre greenhouse is approx — 
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METHANE GAS UTILIZATION 
$445,000 00 (4). Tr This cost Seti greenhouse structure and cov covering material and 
i the support systems including boiler, air heating, backup heating, cooling and 
_ ventilating, electrical and control, service building and utilities, irrigation and EI 
fertilization facilities, drainage system, and sterilization. 
“hae _ ‘The annual energy consumption for a greenhouse i in southern Ontario i is 241,000 
#2 fuel oil/acre re. The equivalent amounts of landfill gas, , natural gas, 
_ The estimated average annual cost is calculated based on ‘unit rates of March - 
; 1979. The per unit rates for natural gas and electricity both decrease with increasing re 
- consumption. An attempt was made to reflect this variable rate structure by 
_- proportioning the average annual energy requirements over the 12 months of 
the year according to estimated seasonal al requirements bas 
i, _ The extraction of landfill gas as a an energy source for r greenhouses re requires _ 
Ta capital expenditure to cover the cost of equipment not normally required — rd 
a by a greenhouse operation. Approximately $62,000 is required to service a l-acre 
greenhouse (4) (although the actual cost will be somewhat site specific and 
will depend on ‘such things as well locations, gas concentrations, _Tadius of 


landfill gas, at a 10% discount rate, the extra annual cost. is $7, 100. ‘The annual 
Operating and maintenance costs for the gas extraction system is estimated ’ 
- as $1,000, giving the total annual cost of the gas extraction system as $8,100. 

_ Based on the preceding analysis of a typical l-acre commercial greenhouse, — 

‘annual energy ¢ cost savings of at least $16,000/yr can be expected when landfill — 


+ is chosen as a fuel over natural gas, the next lowest cost fuel. It should © 
be noted that this analysis does not reflect the increase in savings that will 


“Undoubtedly accrue because of rapidly escalating costs of conventional 


on 
Major conclusions derived from the case study are: 
a Depending | upon the location and size of the landfill : site, the “recovery 


= landfill-generated methane gas is both feasible and economical to utilize in — 


an unprocessed state, 


2. Although variations in the methane concentrations occur, these variations — 
can be designed for in the gas train 


The assistance of St. ‘Thomas Sanitary Collection Service Ltd. 
4 Bob McCaig and Don McCaig is greatly appreciated. In addition, thanks are 

extended to Cyril McCaig, for without his help in operating the system and = 


= tending the plants, the success of the project would not have been possible. 
study was fu funded in by Environment Canada with Hans as 
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4 continue, further increasing the economic viability of landfill gas extraction — 
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EFFECTS OF CLAMPS APS ON FATIGUE 


— George E. Ramey,’ M. ASCE and John S. Townsend,” A. M. ASCE 


. 2 vibration of electrical conductors is a ma major yr problem in the design 


of transmission power lines. Transverse oscillatory motion of low amplitude, _ 
short wave length, and relatively high frequency are some of the basic charac- 7 
teristics of this wind-induced vibration phenomenon (6,10). Bending stresses 
from the vibrations cause cyclic variations in longitudinal str stresses 


stresses present little however, at “conductor. sapport points this. is 
“not the case. At suspension clamps, the superposition of static stresses caused — 
‘by conductor bending curvature, tensile load, and local clamp bearing load can — 
constitute a major fatigue problem should the dynamic stresses due to acolian 
techniques for reducing aeolian vibrations and minimizing fatigue f: ailures 
are employed by the electric utility industry. Some attempt to reduce the vibrations | q 
to acceptable levels while others, through improvement of suspension systems, — . 
attempt to reduce local line stresses at conductor suspension locations. These 
are reflected i in the numerous suspension clamp hardware designs on the market 
7 today. Theoretical considerations and engineering judgment indicate that some 
of these designs are superior to others. However, the transmission line designer | 
_ would like a more quantitative evaluation of the superiority or inferiority of — 
_ these clamps. An evaluation of the relative fatigue mitigating merits of three a 
such clamps was the objective of the sein Teported herein (3,9). 


_ Thorough analyses of aeolian vibrations and the fatigue of overhead transmis- 


sion lines are available (10), and the interested reader should go to the literature 
for detailed considerations of these topics. To assist in understanding and 
Ss interpreting the experimental results of this investigation, brief summary consid- — 


q 


“Research Engr., , Bethea/ National Corp., Birmingham, 
Note.—Discussion open until October 1, 1981. To extend the closing date one month, © 
a written request must be filed with the Manager of Technical and Professional Publications, 
ASCE. Manuscript was submitted for review for possible publication on July 22, 1980. 
This paper is part of the Journal of the Energy Division, Proceedings of the American — 
Society of Civil Engineers, ©ASCE, Vol. 107, No. EY1, May, 1981. ISSN 0190-— q 


i ‘Assoc. Prof. Civ. Engrg., Auburn Univ., Auburn, Ala. 36849. 
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erations of of the major major factors opera in in the fa of 
Steel- -reinforced (ACSR) conductors are presented. 
_ Conductor Nominal Stresses. —ACSR conductor fatigue is an extremely complex 
mechanism due to the complex stress and fretting conditions existing at clamp 
- locations (7,8,9,10). Stresses occurring in the central portion of a conductor 
span result from: (1) Bending of the conductor into vibrating loops—S ,,; (2) 
o stringing tension in the conductor—S,; (3) additional tension in the conductor 
caused by the increased length of the curved | form of the e vibrating loop—S 4,5 
and (4) s static bending s stresses due to the conductor ‘weight—S,,. The S,,, stresses 
are very small within the span and can be neglected, as can the S,, stresses. - 
The stresses at suspension clamp locations consist of the aforementioned 
four (except that S,, is no longer small) plus bearing stresses due to cable 
tension/slope angle and keeper clamping pressure. These bearing stresses are 
sufficient to cause plastic flow | of the - strands and therefore indentations | and 
longitudinal ‘stress concentrations at the clamp location. Additionally, 
_ increase the normal forces between adjacent strands, and thus increase surface — 
‘tractions, stresses, and fretting at the clamps. This severe environment can 
often create conductor fatigue problems at the clamp locations. telethon 
Static stresses due to stringing tension (S,) can be estimated by using a standard 
transformation of areas method while assuming the aluminum to be i 
elastic and the strands to be ‘straight and in pure tension. This 


in which in total area of "steel; = 
area of aluminum; and n = modulus of elasticity for Penn tee eae of elasticity 
An expression static bending stress to > the conductor sag was 
developed by Poffenberger and Swart (2). In that derivation, | the ‘expression _ 
for moment at the clamp is obtained from the differential equation of bending ~ 


assuming fixity at the suspension clamp and that planes remain plane. The 
moment at the is given as 


weight of the | per unit length; = = length of 

T = tension in conductor; EJ = composite flexural rigidity of the conductor; 
p= (T/EI)'”; ; ¢ = distance from neutral axis to point in question; EI/E, 


= equivalent moment of inertia in terms of material in question; and E, = 


modulus of elasticity of material in question (E, of aluminum taken as 10, 000° 
_ ksi or 68,950 MPa). The assumption of clamp fixity is valid for the « common 
wave patterns in adjacent spans. 


rer: 
: 
— 
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this equation does not consider the geometry of the 
suspension clamp in any manner - Sandberg (4) states that the major cal cause of 
a - fatigue failures is the suspension clamp and | the geometry of the clamp is an 
- important parameter in fatigue performance. It would appear logical that this — ; 
should be the case, since local clamp geometry and attachments should affect = 
local stresses in the conductor which in turn should affect fatigue performance. 
_ Asa conductor passes over a suspension clamp, it is forced around the clamp 
such that the curvature of the conductor matches that of the clamp. Thus 


refore S,,=- 


‘The stresses given by Eq. 7 for common clamp of 
larger than those predicted by Eq. 3. Table 1 shows this for the three different — 


= m4 radii and conductor tested in this investigation. The high stresses oe 


by Eq. 7 are based on assuming a linear o-e relationship. Obviously these stresses - 


a TABLE 1 —1033. meget Tie ACSR Nominal Static Bending Stresses for Conditions 


Papen Static Bending ‘Stresses. 


were Using Eq. 3, in Using Eq. 7, in 
Suspension clamp square inct inch square” inch 


in.) 


L di 


| 
| 
resses are as stated by 


do not actually exist, but ‘deformations | occur in the suede 
Experimental test specimens ow permanent bending deformations at clamp 
locations when they are ‘‘cut-down.”’ These bending plastic deformations are — : 
felt to be evidence that the strains associated with Eq.7,ic.: 
: the corresponding stresses, which one can evaluate from the material o-< 
_ curve, are probably more accurate than those predicted by Eq.3. __ 
As indicated earlier, at suspension clamp locations, bearing stresses due to to 
line tension-slope angle and clamp keeper forces cause se eo 
_ concentrations. Thus, at clamp locations, the sum of the nominal longitudinal — 
stresses should be multiplied by a stress concentration factor k,. However, 7 
experimental results indicate that strand breaks occur in the onend fretting 
_ region (immediately in front of the clamp) rather than the strand crimped region 
_ (where clamp is in contact with the conductor). Therefore an attempt to quantify 


"stresses. The S,, stress is felt to be small relative to the other stresses and 
s is usually neglected. Nominal S,, stresses are typically formulated in terms | 
_ of vibration amplitudes, i.e., bending amplitude ( Y,) or midloop amplitude (y,,,,)- 
Bending amplitude is defined as the total peak-to-peak amplitude measured relative 
to the suspension clamp at the 3-1/2 in. (8.89 cm) point. Midloop amplitude 
_ is the maximum displacement at an antinode measured f: os the static equilibrium — 


From Ref. 10, the S, equation in terms of Y, 4 


in ‘which m= ‘the cond conductor mass density per unit length; ff = the vibration 
frequency, i in hertz; and the other variables a are as defined earlier. asc — 


z incorporated i in the derivations of Eqs. 9 and 10, and is a source of error 
in those equations. Probably an even greater source of error is the omission 
> of the effect of fretting on the dynamic stresses and fatigue resistance properties 
of the conductor. Equations 9 and 10 give drastically different stresses for 
a given vibration condition. However, they are valuable for calculating relative “ 4 


or and do exhibit a reasonable correlation —— nominal S,, stresses 


and conductor fatigue damage (10)) 
ASCR Conductor Flexural oy no —lIn order to use the stress equations 


= 
q 
| 


(1) The conductor acts as a gr group > of individual and independent ‘strands 
4 with no friction between the strands; or (2) the conductor acts as a solid bar 
zs all the strands acting as a unit. In actuality the rigidity lies somewhere — 
in between these two and probably much close to the first. In normal practice 
friction between strands is recognized, but it is not felt to be sufficient tc 

prevent relative slip between strands. Thus, rigidity is calculated using the sum 
of each strand per the first assumption. Numerical values of the flexural rigidity 
were calculated for both assumptions for comparative purposes and the results 
_Wheo the slip El is used. in ‘the conductor bending stress equations of the 
4 previous section, then the corresponding ‘‘c’’ values in those equations — 
be taken m as an individual strand radii. (nde bending | stresses, using Eq. — 
10, were calculated using both rigidities for comparative purposes and these _ 
% results are also presented i in Table 2. As can be seen from this table the assumption r ; 


but a dampened effect on conductor bending stresses. 
TABLE 2.—1033.5 kemil 45/7 ACSR Rigidity 


Flexural rigidity El, in biz S 4. using Eq. 10, in 
Behavioral assumptions pound-square inches® pounds per inch 4 


Note: | Ib = 4.45 N; 1 in. 


~ Conductor Fatigue.—The fatigue fracture of an individual strand within an 
_ ACSR conductor is the result of a large number of high level stress reversals 
a 3 which exhaust the inherent ductility o of the aluminum (5). When enough 1 aluminum J 
Do strands break, the electrical resistance and resulting heat build up become | 
sufficiently large to anneal the steel core and precipitate a catastrophic failure 
_ The process of fatigue fracture can be divided into two fundamental steps, — 2 
i. e., crack formation and crack growth (6). The formation or “‘crack nucleation” —_ 
- step is a highly localized and somewhat random process. It begins at the surface | 
of the material and is governed by stress concentrations. These stress risers 
- can take the form of inherent imperfections in the material surface or damage 
done to the surface by its working environment. In ACSR conductors, the 
4 damage caused by the presence of the suspension clamp (including its affect _ 
on fretting), is by far the dominant factor in crack formation. If sufficiently — 
P high, the stress risers cause highly localized plastic deformations which ultimately - 
lead to a local failure (crack). th B® 
_ The second fundamental step in the fatigue process is crack growth or _ 
sneer s which is much less random than ‘‘crack nucleation.’’ In this case, 


| 
i 
> 
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“the location of the stress riser is it is a matter of the: orack 
_ working its way through the material. The mechanism for crack growth has = 

been established as the repeated plastic deformation caused by stress concentra- Ts 


— have found that all fatigue strand breaks and cracks occur at fret __ 
- This phenomenon has been estimated to reduce the fatigue strength 
of conductor strands by a factor of two relative to unfretted fatigue strengths — 
EXPERIMENTAL PARAMETERS AND TESTING 


_ Amplitude and cycles of vibration, conductor type/size/stranding, and sus- 


clamp hardware are the variables felt to contribute most 


Fretting is a very important parameter in the fatigue of ACSR- conductors. 


2g 


‘2 Agne 
1 -—Photographs of Clamps Tested 
the fatigue of overhead conductors. Only suspension clamp 


_ hardware was varied in this study. This isolated the effect of this parameter aa 
and allowed an evaluation of its importance ir in the fatigue process. 4 


f clamp hardwares v were tested. All were cast aluminum but of considerably different 

radius of curvature (of the clamp groove). The clamps are referred to herein 
| the: (1) Short-radius (R = 6 in. or 15.24 cm) clamps; (2) medium-radius 
_ (R = 11.2 in. or 28.45 cm) clamps; and (3) long-radius (R = 24 in. or 60.96 — 
em) clam clamps. . Figure 1 1 shows Photographs of the clamps used and Fig. 2 


| 
SZ" 
| 
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drawings : showing some of the basic clamp For each ri radius 
the size used was the one recommended for a conductor diameter 


"hae 


with tee SHORT. SHORT-RADIUS CLAMP 


| 


if) 


2.Line (1 in. = 2.54 om 
7 to that of 1033.5 kemil 45/7 ACSR. The short-radius clamp was designed to 4 
Zz Support conductors of diameters ranging from 0.90 in. -t. 39 in. (2.29 cm-3.53 


r 
| 


g the nelies and long- valien clamps results in a more uniform distribution 
of the clamp forces. This in turn reduces conductor cross- 

Experimental Program.—lIn this program, aeolian vibrations were simulated 
q the laboratory by mechanical vibrations induced at a natural frequency of 
a conductor. The program was designed to accomplish the objective of 2 . 
evaluating the relative fatigue mitigating merits of the three suspension clamps : 
while holding ‘the other vibration parameters constant. (An exception to this — 
occurred in the last two tests performed with the long-radius clamp when it 

became necessary to reduce the vibrating frequency to stabilize the equipment. a , 
_ Three identical tests \ rises conducted for each hardware to give statistical credence ; 

TABLE —Major Experimental Test Parameters 1eS 


Test Test perameters Series Series SeriesC 
clamp Short-radius clamp Medium-radius clamp | Long-radius 
Conductor | 1033.5 kemil 45/7 1033. 5 kemil 45/7 1033. 5 kemil 45/7 
Ten Span” ; : 


_ Torque applied to 
keeper bolts of test 


a ing back si side of test a 
damp 
"Vibration double 1/0.38in. | 27 mil/0.38in. | 35 mil/0.38 in. (Test 
amplitude at 3- 1/2 Cl) 35 mil /0. 42 in. 
Vibration frequency 42. Hz (Test Cl) 35 Hz 
Duration of test run 20,000,000 cycles 000,000 
Nenber of tests 3 (Al, A2, A3) 


‘The major vibration parameters and values used in the testing are shown 


in Table 3. It should be noted in that table that the midloop double amplitude | 
of 0.38 in. - 0. 96 cm) in Test Cl is the same value used in the A and B series 
tests. This midloop amplitude yielded a 3-1/2 in. (8.89 cm) location double a 
amplitude of 35 mil (0.89 mm) which is larger than the 27 mil (0.69 mm) of F 
7 the A and B series tests. This was the result of the long-radius clamp having — 
its bottom and top last points of contact more widely separated (with the top 
Py point being | located back toward the clamp center line from the bottom point). 
Since in the field a given wind velocity | or power input would cause the same 
= eeeeens independent of the camp. it was felt that maintaining a ps 


| 
5 
i} 


constant laboratory the fairest comparative test. 


equipment overheating and ensuing vibration stability 


“(and o one t less ‘vibration loop) as as indicated i in Table 3. To maintain the ———— 


test Cl. Thus, the dese tests s conducted with the long-radius support hardware 
were all executed at a vibration double amplitude of 35 mil (0.89 mm) at the _ 
3 3-1/2 in. (8.89 cm) location. These in turn correspond to the same windfield 
simulated in the Aand Bseriestests.§ 
Pa _ The vibration amplitude and frequency values used (see Table 3) were selected 


after consultation with the Alabama and Georgia Power Companies. The values — 

are felt to be representative of actual field conditions at locations where lines 

are experiencing aeolian fatigue problems. The conductor tension value of 7, eg 


TENSIONING ‘STEEL BOX  W36X270 


eneral of Laboratory Test (1 in. ; in. = 2. 54 cm, 1 ft = 3.05 m) 


4 ~ bolt torque and conductor sag angle of 10° (see Fig. 3) are typical field values. 


by v use se of the ‘equations presented earlier. The nominal aned 


In summary, the experimental program consisted of mounting a 1033.5 kcmil __ 
45/7 ACSR conductor in one of the suspension clamps and tensioning the 

_ conductor to 7,000 Ib (31,150 N) to simulate winter conditions. The test specimen 
was vibrated at a | frequency | of 42 Hz and a midloop amplitude of 0.38 in. ri 
0 96 cm) (with the exceptions indicated herein) for 20,000,000 cycles. Upon 
terminating the wihentinhs, the contacter ‘was opened up for visual inspection 
Experimental Testing.— —The experimental testing was conducted in an indoor 
- laboratory of controlled environment. A steel beam was used for the vibration 
bed with the test conductor anchored to the bed at each end by stee a 


| 
Ww y tne midioop amplitu 
ie of 0.42 in. (1.07 cm) at this reduced frequency (and increased loop =I ; 
7 
| 
| 
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- assemblies: as shown in 1 Fig. 3. The sp spring tensioning system at the end wi was 
used to maintain the 7,000 Ib (31,150 N) load (24.2% UTS) on the conductor. _ a 
_ At the “‘test location’’ end of the span was a steel box which supported 
the suspension “‘test clamp,”’ which in turn supported the test conductor. Threaded 


rods bolted to the box were adjusted t toa fit under the bottom of the 


“*test clamp”’ 


= a and thereby fixed its | position during the test. ‘This fixed- -clamp condition 
is not realistic of actual field connections; however, the fixity accomplishes | 
4 acceleration of the fatigue process and is representative of field conditions when aa 
: vibrations are symmetrical with respect to the suspension clamp. Also, results 
obtained from such a restrained condition are directly applicable to field lines 
* since 3-1 /2 in. (8.89 cm) amplitude values measured in the field are the « conductor 


displacements relative to the clamp. | afi 
_ An electromagnetic vibrator was used to simulate the aeolian vibrations. The 
electromagnetic drive unit was mounted on the vibration bed and the conductor 7 
pal 033.5 kcmil 45/7 ACSR Conductor Nominal Strand 


oem |Nominal Dynamic Bending 
Nominal Static Stresses, Stresses, in pounds 


pounds per square inch per squareinch 


Test series / Line tension, Using Y,, | Usingy,.., 
£—q.3 | To | Eq. 10 


“cr Long- -radius 
clamp 


Note: | psi = 6.89 kPa. — 


A 
was vibrated at resonance. The vibrator driving force was applied to the conductor 
through a “‘safety /breakaway’’ dowel. An open-loop vibration system consisting 2 
of a high stability oscillator, a power amplifier, and an electromagnetic vibrator — 
_ were used to maintain the resonant vibrations at constant frequency and amplitude. ; 
q — With periodic checking and manual adjustments (approximately every 6 h) this | 4 
system provided stable vibration control. It should be noted that for the first 
i ‘two tests (Al and B1), the laboratory was not well insulated (this was later - 
= and temperature changes caused changes in resonance which in turn Aa 
_ caused the vibration amplitude to drift down. The amplitudes were adjusted 
_ manually, but the net effect was that test Al and Bl were subjected to a 
little less severe vibration conditions. 
io Upon completion of a test run (20, 000, 000 cycles), the vibration system was 
Shut down and the conductor line tension released. A section of the conductor, _ 


centered on the “test clamp,’ was then cut out and visually examined for 


| 
= 
| 
5,338 
5,338 x 
4,917° 
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tional and longitudinal of the strand breaks and cracks. 


:XPERIMENTAL Resuurs AND Data Anatysis FY) cm 

| 

Experimental Data.—The primary experimental data consisted of the numbe 
of strand breaks a and their locations fc for each test using the short, medium | and - 
Jong- -radius suspension clamps. The total number of strand breaks and number by 
occurring in each layer is shown summarized in Table 5. Upon completion — 

7 of a test, all strand breaks were located by a visual inspection of the conductor. 

7 A strand failure location chart for each test is shown in Fig. 4. The chart | 
- summarizes the number and location of breaks and the suspension clamp used. ; 
wes broken strands : are | shown as solid shaded « circles and the cracked fl 
ae shown ¢ as partially shaded circles (the propagation of a crack is indicated 

; by the shaded portion). The sections shown are as viewed from the 3-1/2 in. 4 


(8.89 cm) location with the clamp keeper located directly at the top of the 
cross section and the clamp groove at the bottom. 
"Denials distances from the 3-1/2 in. . 8. 89 cm) location (from. the last 7 

point of " contact) to the strand breaks were measured : and in all but a few 
cases the breaks occurred within 1/2 in. (1.27 cm) from each other and were | 
pees ochre centered at the last point of contact. Mean values and ranges 
for these longitudinal distances for the three clamps tested are peosqutes in- 
Table 6. An analysis of the data collected is given as follows. = 
a Data Analysis and Results. —Since ‘suspension ¢ clamps were the only parameter 
varied during the vibration testing, the resulting conductor fatigue damages should 
be indicative of the relative fatigue merits of the clamps tested. The data of 
Table 5 can be condensed for convenient comparative purposes as shown in 
Table 7. The values in this table clearly demonstrate the effe fectiveness of ~~ 
> longer radius clamps to mitigate fatigue dam damage. 

‘The outer, middle, and inner ner layer breaks listed in Table 5 

7 located in Fig. 4 appear to indicate certain critical strand locations. For the > 
three tests performed with the medium-radius clamp, failure locations in the 

F outside layer were limited to strands along the bottom of the conductor where — 
it rests in the > clamp groove. The bottom location was also critical in the short- radius 
_ clamp tests; however, for this | clamp, some outer strand failures at the top _ 

: of the conductor cross section were also recorded. No outer strand failures 
‘eae in the conductors supported with the long-radius clamp. — he 
_ The majority of the strand breaks for all tests occurred in the conductor 
middle layers. These failures tended to be in the areas vertically above the 

ei 4] clamp groove or below the clamp keeper. Broken Strands in the inner layers 
also tended to occur vertically above the clamp groove or below the keeper. ~~ 
_ These breaks were greatest in number for conductors supported by the short-radius 
clamp. Inspection of Fig. 4 reveals that almost no strand failures occurred 
on the sides of the conductor. This is as expected since bending stresses, stress 
concentration factors, and —— are all at minimal levels | on t the conductor 

‘The results of the visual inspection listed in ‘the “Comments” column of _ 

_ Table 5 are conclusive in a couple of respects. First, since only one cracked - 
‘strand was observed (Test A3),. ‘it appears that once a crack grows to a visible ; 


¢ nd iocation (Cross-Sec- 4 
| 


| Strand Breaks 


Outer Middle inner | Total 


age 


‘TABLE of Results of Visual Inspection for Strand Breaks 


_ (8) 


A 


No cracks « observed, 

_ abundant fret dust. ba? 

No cracks observed, 


abundant fret dust. 


abundant fret dust. 


No cracks observed, 
abundant fret dust. 
No cracks observed, 


abundant fret dust. 
_|No cracks observed, 


abundant fret dust. ‘4 
a 
No cracks observed, 

abundant fret dust. 


0 |No cracks observed, 


D 


abundant fret dust. 


(1) | 
_ 
it mond) te: 2 | 


«TABLE 6. —Longitudinal Locations of Strand Breaks ; 


Swans Break Location From 3-1/2 in. Point: Mean Value, 


Test Average of all breaks 
oo) | ¢ (3.38-4.00) 


7. Results of Accelerated Potions Tests of 1033.5 
| 


Long-radius 0 


FIG. 5. —Conductor Deformations at Suspension Clamp Location — 


| 


in the region of the suspension clamp is is indicative of considerable fretting at 
the clamps. This fretting was probably a major f factor it in tl the fatigue damage © 


ore 


ne. 7.—Photograph of Strand Break 

‘The longitudinal location of strand break data of Table 6 indicates that 7 


_ typically occur very close to the last point of contact. This is a region of reduced 
- eran bearing stress (relative to that at the clamp), but where relative oral 


| 
_ 
— 
| 6.—Photograph of Strand Fret ian 
more important parameter in the fatigue process than is local strand crimping 


q it was observed that many ou outer, middle, and inner strands immediately t below le 
the clamp keeper and above the groove were badly c crimped (some almost 1/3 p 

Fa “way through the cross section) indicating local regions of high bearing stress 
and plastic flow. Yet, not a single strand break occurred at these locations. 
Figure 5 shows a photograph of f some outer si strand | local bearing deformations — 


The detailed visual inspection performed | at the end of each test revealed 
that without exception, every ‘strand break nucleated at a strand outside a 
_ mark and propagated from the oustide in. This is consistent with the fact that — 
_ fretting and alternating stresses are higher at the strand outer fibers. Figures 
y 6 and 7 shows photographs of fret marks and strand breaks at fret marks. 
These photographs are all Strand breaks ks occurring during this study. 


FIG. 8. _—Photograph of Damage inner Layer of 1033.5 kemil 45/7 ACSR re 


and sult ot aldaviiqgs view ous bos 
_ Figure 8 is a photograph of a section of conductor removed from the suspension 


Clamp with its inner layer exposed. Note the longitudinal location of the —- 
F strand breaks relative to the ‘‘shiny”’ local strand indentations caused by the _ 
~ clamp _ stresses, and the blackened fret fret marks which occur in front of 


q The experimental results of this investigation indicates that suspension ‘ante 
hesdwase' is a major factor in ACSR conductor aeolian fatigue, and that eiesicsinaia 


clamps can in substantially mitigate this 


‘the 
zz should be smaller using this ome as indicated by Eq. 1. Also, dyna 


mic 
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a maximum moment during vibration (due to the longitudinal separation of 
_ the top and bottom last points of contacts). Local bearing stresses should 4 
smaller for the long-radius clamp because of the longitudinal separation of cable an 
_ tension and clamp keeper pressures, and because of the larger bearing surface Ps 
) of the. clamp. This reduced local bearing stresses should result in reduced strand bl 
3 crimping and longitudinal stress concentrations, and reduced levels of fretting. -_ 4 
It appears that strand crimping is not a major factor in the fatigue damage 
4 ACSR conductors; however, it is felt that the reduced fretting does have 
a significant positive effect on fatigue performance. Pie 


of the factors mentioned had the greatest effect on n the fatigue performance | 
of the test conductor. However, their net effect was a significant reduction 
in aeolian fatigue damage when using the long-radius clamp. . Attempts to isolate 


‘Thez zone groove and below the keeper is a critical 
- zone within the conductor cross section. Longitudinal locations of strand Seooks 

r* oy around the last point of contact between the conductor and — m 


“" The existence of fretting v was very evident, and without exception every strand 


‘important parameter in fixing strand break locations. It is also a major parameter 
in determining the number of cycles at a given amplitude /stress level to cause 
? these breaks. It seems logical that the reduced bearing stresses present when 
_ using long-radius clamps should result in a lower level of fretting and therefore — 
summary, whether because of reduced bending stresses, reduced 
_ dynamic bending stresses, or less severe fretting environment because of reduced _ 
bearing stresses, the long-radius suspension clamp used in this study caused 
significantly less conductor fatigue damage than did the other clamps. Additional- 
wd the medium- tadius clamp yielded approximately half as many strand breaks 
as occurred when using the short- radius clamp. Whereas the aforementioned ; 
_ results and conclusions are only directly applicable to the conductor, line tension, 
and clamp support condition (no articulation allowed) used in this investigation, — 


writers are grateful to the Company f for their furnishing 
the conductors and hardwares used in this investigation. 


 Appennix. —Rerenences 
1. Grosskreutz, , and Shaw, | G. G., the Tips of Growing 
Cracks in Aluminum Alloys,’’ American Society for Testing and Materials Meeting 


| 
| 
an quan uy Signi icance OF cae © arorementione actors @ ong wi 
the associated design features of the rsued 
Occurred Ata mark tf annears Thal fretting The Singie | 

q 
| 
= inferences and extrapolations can and should be made for cases” : 


J. C., and R. “Differential Displacement and Dynamic 

_ Conductor Strain,” Institute of Electrical and Electronics Engineers Meeting Paper, 


"Suspension Clamp,” Report to Bethea/National Company, Aug., 1977. 
4. Sandberg, S., ‘‘A New Transmission-Line Suspension Clamp,” American Institute 
of Electronics Engineers Fall General Meeting Paper, Cincinnati, Ohio, Oct., 


i 1949. 
5. Sandor, B. I., Fundamentals of Cyclic Stress ana and Strain, The University of Wisco 
Press, ‘Madison, Wisc., 
«6. 


va, J 


J. M., “An Experimental Evaluation on the Effect of eaemeanae 
® the Fatigue Life of Overhead Transmission Lines Subjected to Aeolian Vibration, 


thesis presented to Auburn University, at Auburn, Ala., in 1976, in partial -] 
of the ¢ requirements for the degree of Master of "Science. 
.. . Siter, R. B., Strange, W. F., and Komenda, R., , “The Effects of Galloping and 
Static Stresses on Conductor Fatigue,” Institute of Electrical and Electronics Engineers 
Summer Power Meeting Paper, Chicago, Ill., June, 1968.0 


8. Sturm, R. G., “Vibration of Cables and Dampers—I, ” Electrical Engineering, Vol. f 


_ 9. Townsend, J. S., ‘‘An Experimental Investigation of the Comparative Effects of Two 


pe Support Hardwares on the Fatigue Life of 1033.5 kcmil 45/7 ACSR Conductors,”’ 


thesis presented to Auburn University, at Auburn, Ala., in 1977, in partial fulfillment — a 
of the requirements for the degree of Master of Science. = Tecaretms 


10. ‘‘Transmission Line Reference Book: Wind-Induced Conductor + Motion,”” Electric 


of thr jovmnal of the 


| 


| 
| 
a 
| 
~~ 
| 
— 
ad 


1981 


OPTIMIZATION OF FINI SYSTEMS* hoop 


By Theodore A. M. ASCE, Michael D. 


og This paper presents a quantitative approach for defining an optimal mix of | 


4 based, wind- based, and refuse derived fuel- based energy © conversion tise al 
The latter include conventional oil-fired and coal-fired technologies as well as 
fluidized-bed combustion and cogeneration technologies. Commercially supplied 
grid energy is included in the competition, 

_ Incontrast with most energy engineering economic studies, this method focuses 
on integrated energy conversion systems rather than on any one kind of energy _ 
conversion system. Integrated systems that are sought are defined as those 
mixes of energy conversion systems that are capable of supplying the energy 
_ demand and have the least, life-cycle cost. The central motivation of this study 
is that a least-cost mix of all feasible energy resources may be more economical i. 
than al least-cost system that is derived from one technology exclusively. reve 
: A mathematical model is derived and examined that defines optimal integrated . 
energy systems within the framework of linear and nonlinear mathematical — 
programming statements. A variety of participating energy conversion systems 
- 7 are synthesized with physical and economic input-output submodels. Key : 


performance and cost parameters are examined for individual systems. Energy- 
related characteristics of industrial facilities that are specific to the mathematical 
model are defined. The division of total energy demand into energy-use sectors 
& space and hot water heating, process steam, and electricity is presented — 
~ and reviewed. Application of the integrated energy system optimization model _ 
is demonstrated by employing it to match the combined energy resources of 4 
ul _ “Presented at the February 5- 7, 1980, ASME/ASCE Energy-Sources Technology 
Conference and Exhibition, held in New Orleans, La. © 
oe Research Struct. Engr., Civ. Engrg. Lab., Naval Construction Battalion Center, Port 
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oe medium to large industrial facilities. Fergy coion technologies studied include \ 
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; a set of admissible technologies to the energy a of 10 medium = 

~ This paper will be of interest to engineers who need to be familiar with 


a central component. of th the present ctu economic analysis is the 
optimization scheme by which quantitative selections of least-cost systems are oe 
made. The optimization scheme in this study ‘selects that mix of admissible — 
energy conversion systems that possess the least, life- -cycle | cost while simulta- 
- neously satisfying a set of constraints. As it presently exists, the optimization _ 
scheme is cast as one in nonlinear programming. In explicating the nonlinear 


programming stetement is to begin with the linear programming Statement 


The linear programming s statement is as follows: 


to: Sia(t,)x,+y,2D, forall 


Ee. linear in the unknowns, and the constraints | were linear inequalities in the 


in which f = total uniform annual cost of the mix of energy conversion systems _ 


_ plus the total annual cost for commercial energy necessary to supplement facility a 
- energy demand; x, = unknown number of units of energy conversion system, 
_ & ¢, = life-cycle, uniform annual cost of one unit of energy conversion —. 
i; N = total number of energy conversion systems being considered; c, 
uniform annual cost of one ‘unit of energy which is purchased pied: <a ; 
by an industrial facility; y, = = unknown number of commercial energy units | 
purchased by facility during the kth time increment; At, = time increment 
_ size. It may be an hourly, daily, weekly, or monthly increment; T = total 
- number of time increments which must equate to one year’ s time; a,(t,) = | 
coefficient for conversion system, at time, D, = 


- complexity of their resolution. The complete report, of which this paper is — . 
asummary,isfoundinRef 
| 
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_ INTEGRATED ENERGY SYSTEMS 


“facility de energy at time, L,,,, = maximum — annual am oun 


of purchased commercial energy; s, = real estate area required for siting on 
_ unit of energy conversion system, i; and A,,, = maximum real estate area 
available for siting integrated energy conversion systems. | 
7 _ The optimal solution sought is that pair of vectors (x, » ) which minimizes ad 
the value of the objective function, * (x, y), in Eq. 1, , while at the same time 


The primary constraint is imposed by Inequality. which! 
= amount of energy produced and purchased either equal or exceed the 
predicted demand for energy during the kth time interval. Notice that there ; d 
is one inequality for every time interval, and that this constitutes a set of - 
_ inequalities. " The first term on the left-hand side represents the energy produced os 
_ by all energy conversion systems during the kth time interval. Some of these | 
systems are renewable energy systems (wind, solar, etc.) for which energy output " 
na) _ is independent of demand D,. It is therefore possible that during some intervals - 


the demand may be exceeded by supply. Other systems may be nonrenewable 


kth interval y is pod energy whenever a < ke 
_ Under these circumstances Inequality 2 becomes an equality, and the demand y 
constraint is therefore active. ‘Further , the non-negativity of y, 


a “prescribed 1 maximum value This has been designated as a “crunch” 


constraint because of the rather traumatic impact its imposition se on 
- @ given industrial facility. Inequality 4 requires that the total area necessary 
- to site the optimal n mix of energy conversion systems not exceed the maximum 
zz available area, <n A max» allocated to such development. The final set of constraints 
are feasible set constraints. The non- -negativity , of x,, , specified by Inequality = 
6, merely insures against an obvious nonsensical result. nid] 
; _-Using a linear programming model for optimizing the mix of integrated er oneray 


7. oh. It is relatively ‘simple, and thus can be easily understood by a nontechnical — 


er It would not be difficult to analyze the effect that changes in any Lewy 
4 of the problem would have on the solution and the total cost. Ue ad 
_ 3. Computer programs that will solve the problem are well-understood aan 
_* 4. A linear model is much quicker and easier to solve than a corresponding, 
but more general, | constrained nonlinear problem. Lai | won fag 


- However, the linear programming model also hast the following 5 disadvantages: 


1. Since T can be very large (if At = 1h, Me = 8,760), the — methods 


_ 2, The real problem is certainly nonlinear. This is 6 Gente: many factors s such - 


economies of scale, inflation, and changing en energy demand. 
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Piecewise Linear Programming Formulation.- —The demand constraint, In- 
equality 2, is assumed active and therefore can be written Soy wigs A Spy 


results in in new linear 


ye lamps rods ‘bee bool Yo 


Minimize: D aft,)x,|At, (8) 


_ Most of the constraint inequalities in the original statement have been eliminated _ 


__ by this substitution. The demand constraint, crunch constraint, and set constraint c 
on y, are to be ‘satisfied implicitly in the computer program though they no .@ 

_ longer appear explicitly in the new linear program statement. During iteration 
7 to the optimal point these constraints are to be satisfied in the following manner. : 

q Inequality 6 is satisfied by monitoring the expression in brackets of Eq. 8. 

_ When this - expression becomes negative it is reset to zero before computation 
continues. ‘Therefore, energy in excess of di demand occurs, demand is 
satisfied but the ex - excess energy is discarded computationally. Otherwise the 

demand constraint is satisfied through a purchase of commercial energy; that 


is, a sufficient, supplementary amount of energy is assigned to Yee This amount 
_ To satisfy the crunch constraint, Inequality 3, another monitoring ring process 
is proposed. During the computation, and if and when the running sum of 
the y, exceeds the allowable maximum amount, L na,» the value of c, is assigned ‘ ; 
to be artificially high. In effect, the price of commercial energy is penalized _ 


: that it is not competitive with the cost of energy from any of the energy 


programming problem has been transformed into one with ae, 
the same objective function but with only the real estate area and non-negativity 
set constraints on x, remaining. It comes at the expense of monitoring the 
_ objective function and the running sum of y, as the program iterates. Since 
_ the second term in Eq. 8 remains linear in the x, and the coefficients y, and 


¢, can now abruptly change in value, the objective function is piecewise linear. | 


; "Ref. 2 ‘stated the foregoing ‘manipulations more concisely with the aid of | 
the max = max (0, max (0,y,) or 

att, 
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MS 


Minimize: f(x) = +e, >) max 


max | 0,D,- a,(t,)x,) — Linx = 


_ Though the objective function remains (piecewise) linear and the constraints a 


~ remain linear, this statement is now in a standard form for nonlinear | programming, 
and is usually written as: minimize f(), subject to g(x) = 0, in which F® 

_ is defined by Eq. 12, g(x) incorporates Inequalities 13, 14, and 15. aria ~~ 
7 _ ‘Further, this problem is solved using a standard approach to  sinehialied 


a necessary background on these methods. The gradient projection method 
is mathematically sound if the problem is still convex. It is convex if there 


are no local -optimums that the program might | converge to which are different — 


‘2forthe problem athand. 
_ Nonlinear Programming Formulation. —This reformulation of the programming — <5 


statement is motivated by the second disadvantage previously mentioned. The — 
economy-of-scale phenomenon possessed by ‘many energy conversion systems 
- suitable for industrial facilities cannot be ignored in the analysis. Capital costs © 
2 _ of these systems are not always linearly proportional to their size. 
are used in this ‘study. _ The capital or investment cost I is in d dollars; Cc = 
a capital cost factor, in ‘dollars per system unit size; 2@= the system size 4 
re and is a — algebraic function of the independent variables, x5 and n 


are where possible, from cost data available in ‘the 


value of 1 is assigned to n for those € systems possessing no economy- -of-scale 


_ The poe ‘of economy of scale introduces nonlinearity in the following 


- way. The uniform annual cost coefficient, c,, expresses the annualized, life-cycle 


in in which Co 


an 

are : standard ‘economic > discounting terms which ee for | the time value of 
_ money and the differential inflation rates of fuels, respectively. Eq. 17 shows 
that the cost coefficients in Eq. 12 are functions of the 
x and th the tive function i is nonlinear i in the unknown 


13) 


= In summary, it hes been shown that the piecewise linear programming approach > ae 
=. to simplify the original linear programming problem by reducing the as 
number of constraints and thereby : simplifying its solution. It manages this i in 
= way that does not alter the meaning of the original programming problem. 
af _ Introduction of the economy-of-scale effect renders the formulation nonlinear. — 
Further, the nonlinearity does not alter the convexity property possessed by ~ 
ad ‘the objective function as long as n < 1 in Eq. 17. A global optimum solution 
exists. suitable solution method for the ‘constrained ‘nonlinear 


_ The conventional and alternative energy conversion systems included in this” 


= study are listed in Table 1. A brief " description and review of these systems 
is given is the following. Each system is represented by an input-output 
SS - model which is necessarily simplified but which provides a uniform mechanism — 
7 - for inclusion of many different systems and promotes a basis for equal evaluation. 
: is The basic form of the system 1/O models is shown in Fig. 1. Values - 


_ the indicated parameters distinguish one ‘system 1/O model from another. Cost — ay 
parameters are those data necessary to calculate a life- -cycle, uniform —_— 
ca which is discounted at 10% over a 25-yr economic period. / A base year 
of 1985 has been assumed for the 25-yr period. 
Ref. 3 contains the basic Navy guidelines used for cox computing economic ce 
he parameters in this study. Navy policy assumes that the cost of money is 10% ‘ 
a — and beyond any rise or fall in inflation. It assumes the government’ Ss 


, ability to print money, sell or not sell bonds, etc., and annually collect 


guarantees keeping pace with the national inflation rate. Differential inflation 
rates for fuels required to operate systems are included to calculate that portion P 
of the life-cycle cost due to operation and maintenance. Long term differential 
| ee rate values used in this study are shown in Table 2. These values f 
escalate the annual energy costs of fuels (see c term in Eq. 17) over and 


= the rate attributed to national inflation. Capital costs are ‘computed by 
ho _ Performance parameters are those data that characterize the physical peepertes 
of the energy conversion system. Efficiency is the average ratio of output energy 
# = to input energy. The load factor accounts for all manner of down-time; it z 
the ratio of time ; during which the conversion system is operating to the maximum 
time the s} system could have been operating. The area factor is the amount a 
area (real estate) required per unit energy conversion system. 
_ Primary input data consists of the current iteration value of system size x,. 
: The type and form of other input data depends on the system, but must aways &§ 
_ include some quantity of input energy to drive the energy conversion system. a : 
For nonrenewable energy systems, the input « energy is in the form of required 
‘= For renewable energy systems, input energy is in the form of insolation, 
_ wind velocity, etc. Input energy data for renewable systems are i. a4 
Required output “data ‘Consists of values for uniform annual costs pe are 
the cost coefficients, c,, of the objective function in Eq. 12. Energy production — 
of the current is required the 


q 


| 


4 pr separates energy demand into three end-use (1) 
Pa Heating; (2) process steam; and (3) electricity. Various combinations of energy 7 
systems within each energy-use sector compete « on an economic basis with 

TABLE 1.—Energy Conversion Systems Studied 4 
Refuse derived fuel (RDF) store 


J 


the variety of 


Solar photovoltaic 


2 Cost Escalation Rates 


Differential inflation rate, as a percentage 


conventional systems to meet demand at minimum cost. ‘The demand for 


_ For the heating and process steam sectors, it is assumed that existing systems _ 
would be replaced with new, modern boilers fired on fuel oil. (It is believed — j 
j 


that these Gane ‘systems | es equally be assumed to be fired on natural gas since 


a 6 = 4,x,in Inequality 13. Likewise, the land-area requirements are necessary output 
_ data for defining the product s,x,in Inequality 14. 
? j 


FFICIENCY 


ze 
on 


UWIFORM ANAUAL ($/YR) 


AREA REQUIKED 


life-cycle costs and performance characteristics are about the same for both. 
See Also, it was assumed that the demand was decentralized nd 
therefore many smaller size units were required as compared to one large central 
‘ plant. Thus, no cost for distribution systems is inctaded. Average costs oll 
then estimated for heating and process steam systems. Boiler efficiency (ratio 
- heat output to British thermal unit content of fuel input) was taken to be © a 
- For both heating and process steam systems, boilers were sized to meet the 
maximum peak demand remaining after alternative energy systems contributed 
to the heating or process steam sectors. Because of demand variations, this _ 


to ‘potential energy produced) w was as required. ‘However, in situations where the ‘ 
demand was satisfied mostly by oil-fired systems much higher capacity factors _ 
a In the electrical sector, demand not met by alternative systems is purchased 
from local utility companies. Electricity was assumed to be available in unlimited = 
. supply and no penalty was charged for consumption during peak demand periods. _ 
Actually, demand charges and time of day use will result in higher costs depending 
on individual utility rate schedules, but these costs were neglected. — ee 
_ Solar Thermal.—Solar thermal systems can be used to supply energy in all 
three end-use categories; however, this study only modeled a solar thermal © 
system for supplying domestic hot water or space heating, or both. The system 
included flat plate collectors, , thermal storage for 1 or 2 days, heat exchangers, : 
and associated process controls. Costs were estimated based on installed collector 
square footage and constant fixed costs for heat exchangers and controls. No — 
- System performance was predicted using an empirical technique known as 
i the f~ chart method. ‘This method requires hen average monthly ir insolation and 


"for the fraction of total monthly | load supplied by the solar system. Since sees 
: was inciades, a constant daily output was then estimated based on the monthly 


= 
= 
meant that onlv of the bower capacity of actual enerev produced 
Ig 


system modeled included. concentrating “parabolic trough collectors, dc to ac 

_ inverter, and associated wiring and protection systems. Also, the system = : 

een to include circulating water to cool the photovoltaic cells. Electrical _ 

_ Storage was not included in the system 

An overall system efficiency of 10% was assumed. Costs were ‘betes 
s based solely on square footage of installed collectors. System | performance wa was 

_ calculated based on actual nae insolation data using collector efficiency curves. 


“controls, wiring, protection | systems, and ‘and foundations. Elec Electrical ‘storage. was 
analysis procedure free to choose the of pod 
_ in any size or combination of sizes. Costs were estimated on a per unit basis — 
2 with no econeaniss of scale assumed for multvanits. The costs for all components, 
-. Performance was modeled based on hourly wind velocity profiles and the 
; conversion efficiency characteristics of each system. In general the larger units 
_ are more efficient and have correspondingly lower costs per produced kilowatt. 
- Refuse Derived Fuel (RDF).—This study modeled RDF systems to meet demands 
i. the heating, process steam, and electrical sectors. Of the variety of possible — 
‘at systems, incineration in a waterwalled combustion chamber was chosen as - 
basis for all three systems. Further, only solid municipal garbage, either available — 
on site or from nearby sources, was considered. Typically, municipal refuse 


consists of 70%-90% combustibles and on the average has an energy content 
_ The RDF systems in all three sectors included costs for transportation, 
sheodding, air classification, storage, and incinerator as well as clean up devices — : 
such as cyclone and electrostatic precipitators. In addition, the RDF models: 
included processing of the noncombustibles using a magnetic system to separate 


out ferrous metals and included a credit of 40% of operating cost for these { 


--- 
- Overall efficiency (ratio of British thermal unit output to British thermal u unit 
* refuse input) for RDF heating and steam systems was 55%. A 23% efficiency zs 
Ww was used for the electrical system. Also, because of material handling g difficulties | 7 
and refuse composition variations, an average 80% load factor was assumed — 
for all three systems. No economies of scale were used on any of these systems. % 
Conventional Coal Combustion.— Aside from more advanced coal combustion 


techniques, this study also modeled a a more conventional stoker-fired system 


- of its operating ‘flexibility and because industrial size e boilers tend to be smaller 
Naat than is economical for suspension firing. The steam/hot water systems were i 
to include the boiler and pollution control 


BY INTEGRATED ENERGY SYSTEM 
Solar Photovoltaic.—A photovoltaic system was chosen over solar thermal 
P modeled to convert wind power into electricity: (1) 5-kW; (2) 200-kW; and _ 
a a condensing turbine-generator and associated controls and protection systems. __ 
' 7 _ The efficiency for the steam/hot water system was taken at 85%. This was a 
: _ reduced by an additional 10% to account for distribution losses. The efficiency | 


MAY 


or the electrical system was assumed to be 36%. For all dees systems, 
= load factor was assumed. Costs for each system were itemized — Z 
on equipment and varied slightly depending on the sulfur content of the —_ 
The exponent for econimies of scale was0.75. 
_ Fluidized Bed Combustion (FBC).—An atmospheric FBC system was modeled 
for all three demand sectors. . The steam and heating systems were the same “4 
and included the fluid bed, material handling equipment, limestone 1e regenerator, > 
¢: particulate clean-up systems. A turbine-generator and associate controls 
added tothe electrical system. 
Costs for these system were itemized based on current experience _ 
_ projections. Cost data were widely scattered and relatively conservative capital fa 


fired boiler energy cost = 9.00 


Conventional Coal 


ROF 


4 


id 


Conventional Coal (Midwest) 


Btusyear) 


were chosen for the electrical and thermal systems, respectively. att hres 7 
_ System efficiencies were 37% for the electrical model and 85% for the thermal - 
- model. Load factors were taken at 90%. Based on existing data, economies 
of scale were considerably higher than other systems, having an exponent of - 
Cogeneration.—A ‘steam topping cogeneration system on coal was mod- 
baer (2) coal and ash handling equipment; (3) satiediae control equipment; 
and (4) an extraction turbine and generator. The system was conceptualized 


| 
§ 
4 
8 2.0 2.2 2.4 
sin Heating Demand Sector 


GRATED E 
dogg 
to use 1,000 psig,  F- -system | d to a1 1 at 150 ) psig for process 


addition, as for the c conventional coal model, costs varied slightly with ‘sulfer 
content of the fuel. System performance was calculated based on estimated 
steam and electrical efficiencies (ratio of steam or electrical output to heating _ 
value of coal input). These values were 70% and 10%, respectively. A 90% — 
load factor was assumed. The > exponent for economies of scale was determined — : 
Comparison of Economies of Scale. —Figs. 2 and 3 compare the effects of ¥ 
economies of scale for four of the aforementioned systems in the heating and _ 
process steam sectors » Tespectively. The energy costs are normalized on 4 


Conventional. Coal 
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N —Conversion System Energy | Costs in Pr in Process Steam eens Sector or ; 


ef fects of assumed load factors. These energy cost curves were generated from 


Eq. 17 and the « corresponding 1/O models. Fig. 2 also shows the sensitivity a 
of fuel prices and sulfur content on the cost real yenonsaee? ‘bed and conventional - 


As indicated in these figures, fluidized-bed systems are more economical at a 

large sized compared to RDF or conventional coal systems. At smaller sizes, 
eS systems become more cost effective. The influence of these trends are a) 
illustrated later when the results of application of the optimization model are 


& 


2 
e of this section is to describe the « energy-related characteristics 


; 

; 

by 

a FIG. 
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of industrial facilities that are . required for use with ee optimization model. _ ; 
These characteristics involve three general data catagories: (1) Energy require- 
meat (2) energy resources; and (3) fuel and commercial utility a 
Energy Requirements. —Energy requirements at each industrial facility is 
- disaggregated into three end-use categories: (1) Heating; (2) pr process steam; and a 
(3) electricity. This information is generated from historical consumption data 
and projected as future demand requirements. In this regard it is tacitly assumed > 
that conservation measures will be just sufficient to offset any growth and ‘| 
_ that energy demand will remain constant throughout the 25-yr economic time - 
frame of this analysis. . Calculated energy demand data refers to delivered or 
end-use energy and therefore is not always simply equated to past consumption. ad 
- 1 a Recorded fuel consumption (natural gas, fuel oil, coal, and electricity) is converted — 7 
- to demand in each of the three end-use categories. Where an industrial facility _ 
= generates some portion of its required electricity on site, the fuel © 
"energy consumed is converted to electrical energy demand by assuming | a 30% 
“4 conversion efficiency. Otherwise future demand is equated to purchased electrical — 
ener consumption. Similarly, process steam fuel energy consumption is — 
- converted to demand by first multiplying by 80% conversion efficiency and _ 
again by 90% which accounts for distribution losses. In the absence of 
separate thermal energy consumption records, heating energy and process steam — 
energy are separated by an auxiliary analysis based on an annual, total thermal — 


i energy cycle as shown in Fig. 4. Annual energy demand data for the 10 Naval 


industrial facilities that were studied are given in Table 3. ae eee a 
Energy Resources.—Availability of fuels which are necessary to operate 
- be candidate energy conversion systems, and availability of energy from natural — 


resources necessary for candidate renewable systems needs to be defined 


_ For example, refuse available for RDF energy systems may be restricted 
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1 INTEGRATED ENERGY SYSTEMS 
that which is supplied by surrounding sources. Coal availability is % relnically 
fata by the capacity of rail, truck, and barge transportation networks. _ 
a more significant factor for coal-based energy may be the air quality standards a 
that govern locally « or nation-wide as shown in Table 4 and given in Ref. 4. re, 
Some industrial facilities may y reside within designated nonattainment regions 
wherein no coal combustion may be employed. 
_——— and historical wind data is generally available in sufficient quantity 
and accuracy for integrated energy system analysis. Meteorological data tapes 
list hourly total insolation on a horizontal surface, hourly average wind velocities, 


_ and hourly ambient temperatures. This information is available for sites throughout © 9 


the United States for various years. a the scent 
TABLE 3. —Industrial Facility Energy Requirements” 


Process Electri- | } of 
steam, | city,” Total, ; | process 
trillions | trillions illi illi to 
of 
British British -|Steam to|  electri- 
thermal | thermal thermal electri- city, 
hig units units units + units = city = @per 
Site” bse per year | per year | per year | per year ratio | 


1.79 (524)* 
1.936565) 
Philadelphia, (2. 74 | 0.78 0.75 (205) 
Charleston, S.C. 12 | 1.04 G01) 
Pearl Harbor, Hawaii | 0.63 | 0.58 | 1.13 (330) | 
Great Lakes, 158 | 1.04 | 0.39 (116) 
Portsmouth, Va. | 0.89 | 0.74 | 0.70 (206) 
Pensacola, Fla. = 39 1.32 | 0.55 (163) 
‘Bremerton, Wash. 0 74 0.67 (0.52 (153) 
New London, Conn. 0.88 «(0.70 | 0.40(116) 


“Values in parenthesis are expressed in thousands of megawatt hours per year. _ 
: Energy resource data ‘that are applicable to the 10 Naval industrial facilities _ 
studied are presented in Table 5. otc 


_ a Unit energy costs are the costs that an industrial facility must pay for fuel-energy 


4 aS a consumer. The fuel-energy purchased is for supplying the demand for 
_ energy by conventional or status quo conversion methods. In this study conven- 
tional energy costs for heating and process steam were based upon decentralized 
boilers fired with fuel oil. Natural gas-fired boiler systems are assumed to possess ; 
similar fuel costs. Since the economic analysis has a beginning or base year — 
of 1985, present unit fuel costs must be converted to their 1985 value. The 
- specific fuel and commercial energy costs used in this study are given in Table 6. 
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“are summed, definite application wonts would d emerge. Thus, the results vd 
TABLE 4.—Current Federal Stationary Source Standards : 


1.2 1b/10* Btu coal bummed 


am $0 Ib/10° Btu—Subbituminous coal 


average | 
insolation | 
Average 
quality in British area, in 
attainment thermal |. velocity, | millions 
in tons La cme, | units per | in miles of square 
per day (yes/no) | squere per hour 
Diego, Calif. No (NO,, par- 
‘| ticulates) 
Philadelphia, Pa. 50 


Charleston,S.C. | Ne (NO,, 


ats 


= Harbor, Hawaii | 
Great Lakes, Il. | 
Portsmouth, Va. 
Pensacola, Fla. 

Bremerton, Wash. by 


Based on insolation in Sterling, 


a Aggregate Results and Analysis.—For each energy ‘sector the aggregate mix 
_ of alternative and conventional energy systems that yield the lowest total energy “ 
cost at each need is shown in Table 7. The status e status quo energy supply | — 


_ was developed primarily to provide information on the future application potential — : 
_ of energy conversion systems in a global or aggregate sense. The approach — 
_ TABLE 5.—Fuel and Natural Energy Resources Available at Industrial Facilities a 
| 
| 


that were omens for each energy sector are also included | for purposes of we 
- comparison and estimation of savings. Data for the status quo systems are 7 
s Definition of optimal integrated systems was a basic objective of the study. a] 
Because they are presented here in aggregate form, it should first be — 


that for all analyzed | no technology was 


7 as s candidates. Integrated systems \ were re always more cost- effective i in — 4 
energy demand at industrial facilities. The relative penetration of optimal energy id. 
conversion systems is given for each energy sector under the heading, “fraction 
_of demand met.’’ These percentages sum to 100% in each sector. The energy © 
_ Tepresented by the percentage is given in ‘the adjacent column. The annual ~ 


Fuel oil cost, Cost, in 
indollars | Electricity | dollars per 
per million cost, in eng million 
British | dollarsper | British 
‘San Diego, Calif. 2 6. 23 
Pa. 52.28 
‘Charleston, S.C. 


Pearl Harbor, Hawaii | 
Great Lakes, Ill. 


Portsmouth, Va. 
NewLondon,Conn. | 2.89 |. 
mn “All costs are for 1985 expressed in real 1977 dollars. et a 
s *It is assumed that coal cannot be economically delivered to Hawaii. eT —— 
energy delivered by the integrated system sums to the figure given for the - 
status quo system. Two necessary prerequisites to economic comparibility are 
_ Satisfied; the integrated system supplies the same amount of energy and has J 
sa same > duration n (25- yre economic ic life) as the si Status system. 


- integrated optimal ‘system from the annual costs of the status ‘quo system. The e. 
aggregate annual savings achieved by optimal integrated systems amounts S 
_ Itis seen that potential savings derived from optimal integrated energy systems _ 
require capital investment levels, an n aggregate $323, 500, 000 i in 


rie 
| content 
High 
Low 
High 4 
High 
= 
7 eS best policy is to invest in on-site generation within the electrical energy 
' a — rather than investing in either of the other two energy sectors. This 7 


commercial electricity 


Btu). Despite the high level of required investment that is indicated by the § 
_ optimal integrated solution, an attractive payback period of 3.3 yr (323.5/97.5) = ; 
can be calculated. Payback period calculations are often dismissed as oversimpli- eal 
- fications of complex economic issues. But a 3.3-yr payback relative to a 25-yr = 
TABLE 7.—Aggregate Results for 10 Naval Industrial Facilities $= 


| Initial | Total | in 
- | billions | capital dollars” 
tionof | of | costs, | per 
demand, | British | in | in | million 
Optimal millions | milli British 
integrated 
dollars 


RDF 

Solar | ¢ 
Oil-fired boilers 55.08 .07 9.13 
(Oil-fired boilers 0) (44, (2,577.0) 


alone) 
rec 
Cogeneration 
Oil-fired boilers 
‘|(Oil-fired boilers 

alone) 
RDF 
rc 
Cogeneration 
1,500-kW wind» 

Commercial 
(Commercial 

aoc) 4 


‘Toul optimum mix. 
= commercial /oil alone) 


Savings = $97,500,000/yr 


_ “Average life-cycle energy costs (Eq. 17) weighted on energy delivered at each industrial facility. w 

*Data does not include potential oil savings by electrical utilities. me af 


- economic life is nonetheless an indicator of substantial, potential savings to mr 
_ be realized from investment in optimal integrated energy conversion systems. 


and commercial electricity. It can be observed in the heating energy sector 
that oil-fired conversion systems cannot be entirely displaced. In the aggregate, - 


jis primarily due to the high average energy cost of 4 
a - ($30.92 / 1,000,000 Btu) relative to that for FBC electrical systems ($9.54/1,000,000 §& 
ag 
mite 
Oil-con- 
sumed, 
inthou- 
sandsof 
barrels 
per year 
Heating 
| 4 
2,604.0 | 24.15 | 12.11 q 
47.40 | 4,910.0 | 21.03 48.08 | 9.79 | 1,201.4 
(100.0) | (10,358.0) | (33.13) (98.49) (9.51) 2,551.0) 
Electricity 268 40.9 | 11.79 255 | 1060 | — 
293.4 | 45.00 | 8.33 | 27.86 
(100.0) | (9,146.0)| — | @7.sy] — 
100.0 | 31,0470 | 3235 | 35427] | 26204 
00.0) (31,047.0) (451.81) (5,128.0) 
_ Another attractive feature of optimal integrated energy conversion systems = 
= @= is that they represent a surprisingly high level of self-sufficiency from fuel-oil ; 


4 


steam m energy sec sector this percentage increases to 53%, and i in the electsical energy 
_ sector 54% of the energy can be supplied by on-site generation systems which 
require no fuel oil. Overall the optimal integrated energy systems, which are 
based upon least cost, produce a self-sufficiency level from oil of approx 50%. _ 
A greater self-sufficiency level can only be obtained at the expense of increased — 
(less than optimal) cost. This is because no artificial constraints were placed 7 
‘on consumption < of fuel oil (L,,,, = ©, see Inequality 13) while computing the 
= shown in Table 7. Yet the least cost solution represented approx a 50% 
level of self-sufficiency. However, coal combustion conversion systems were — 
7 precluded from competition in four of the 10 industrial facilities analyzed. At q 
iz these four facilities, the Optimal integrated system degenerated to oil-fired © 
technology | almost exclusively. Thus, the level of self-sufficiency is heavily 
dependent on whether or not coal combustion is to be permitted in the future. — rad 
Optimal Energy Conversion Systems. —The various converison systems shown — 
in Table 7 are the ‘‘winning’’ systems in the economic competition of the 10 a 
: = facilities studied. The optimization model selects these systems while 
a iterating to a minimum cost solution for supplying the demand. The decision | 
process requires the computer because the economic competitiveness of th these 
systems depends on ‘many factors (see Eq. 17, for example). System energy 
costs often vary with system size (see Figs. 2 and 3) and system size remains 


e. a fuel, “and fuel | price. "eo are all site- -specific factors and identification ; 
of optimal systems depends heavily in the accuracy of supporting input data. a 
_ The energy costs of FBC and RDF systems were very close in all = 
energy sectors and the optimal mix depended on refuse and coal availability, 
_ coal prices, and demand characteristics. In general, FBC systems were more _ 
Se cost-effective in the midwest or at large demands, but RDF systems ol 
always participated in one or another energy sector and always used all available 
-gefuse. Coal systems were excluded from competition at four industrial facility 
sites for reasons of either nonattainment or prohibitive coal delivery costs. 
At these sites, RDF was more effective in reducing total facility energy cost 
when participating in the electrical energy sector rather than when participating q 
in either the heating or steam | sector. RDF participation is invariably minor 
a due to the availability of only small amounts of refuse. nic boroqmad 
The energy cost of FBC systems is less than the energy cost of cogeneration — 
systems in the steam sector. But cogeneration generally participates more in 
_ the supply of steam because of free electricity by-product is created in the : 
; electricity sector for which cogeneration is credited. The credit arises because 
R the optimization model seeks to minimize total facility energy cost instead of ‘ 
_ the energy cost within any one sector. Thus, cogeneration systems are eff ectively i 
perceived by the model to be more economical than FBC systems. 
<= _ There were two industrial facility sites where cogeneration did not cad Z 
in the optimal integrated system. These two sites, Great Lakes and Pensacola, 
are > characterized by a oe large ratio of steam energy demand t to electrical 7 


a 


7 ” unknown during the solution process and is only finally defined after convergence Jf 

is achieved. Other factors include energy demand size, variation in the ond ; 


| is the electrical sector. Furthermore, its economy of scale is smaller than that oa 
| for the FBC systems. The FBC systems benefit more from larger energy demands _ 
; im are also a cheaper form of energy in the steam sector (see Figs. 2 and 
_ 3). In certain energy demand cases, these advantages offset the credits cogenera- _ 
‘tion systems receive for what is essentially a free electrical energy by- -product. i 
results of this study demonstrated that this is the case when the ratio 
& of steam energy to electrical energy demand i is 2.4 or more. dooms aautt as) 
Conventional oil-fired boilers or commercial electricity purchases always "4 
supplied a portion of the demand in the optimal integrated solutions. The actual _ 
"penetration depended upon demand variation with time, cost, and whether or 
4 not coal was excluded. In all cases where coal was not excluded, these sytems 
- participated as peaking units thereby reducing the size and the cost of competing 
- alternative systems which participated as baseload systems. When coal was — 
Only in Hawaii were solar thermal conversion systems and wind- — 
_ generators cost-effective. Their participation in the optimal integrated systems 
_ (as shown in Table 7) was due solely to the analysis of Pearl Harbor. They | 
were not found to be cost-effective in the continental | United States. It was — 
found that for solar | thermal systems to be competitive in the heating sector 
of large industrial facilities, solar radiation had to equal or exceed an average 
of 489 langleys/day. Likewise, in the electrical sector, wind-turbine generators - 
were competitive only when the equaled or exceeded 13 


‘ 


has been that determines the least, life- -cyele cost 


q 


r 


acility’s s enemy needs are e viewed as being comprised of three ¢ energy-w use sectors: 4 

(1) Space and hot water heating; (2) process steam; and (3) electricity. Within 

- each sector, renewable and nonrenewable energy conversion systems — 

7 for participation in an optimal least-cost integrated system that is sufficient 
to meet the total energy demand, and other constraints as well, for a given 

. Implicit in the methodology is ‘the ; possibility of optimal solutions composed 
of only a single energy conversion technology instead of an integrated system — 

4 composed of more than one technology. However, application of the methodology m 

to 10 medium and large Naval industrial facilities scattered throughout the United = 

States has demonstrated ‘that: least, ‘life- cost systems a are associated with 


with a surprisingly high degree of self-sufficiency from fuel oil. stro 
Energy ci conversion ‘technologies. that are fe most prominent in in the optimal solution — 


y 
7 supplied by refuse-derived fuel. More specifically, for heating energy ———. 
- acombination of fluidized-bed coal combustion, refuse-derived fuel, and oil-fired 


technologies } are optimal. P . Process steam energy demands are best ‘Supplied by 


| 
_ 
_ gubstantial investment levels, but computed simple payback periods are - 
| 


a ‘a combination of fluidized-bed coal combustion, coal- d 
oil-fired technologies. The oil-fired sytems participate in a peaking 
tole for both the heating and process steam demand sectors whenever coal — a 
- combustion i is permitted. Electrical energy demand is best supplied bya combina- 
tion of fluidized-bed coal combustion, coal-fired cogeneration, and commercially - =k 
supplied grid “energy. Commencial grid energy serves as a peaking si source in 
Where air quality regulations preclude the combustio 1 of coal, -fired 
tochnolony will continue to supply most all of the heating and process steam 
energy demands. Likewise, electrical demand will be met by commercial purchases 
of grid energy with small amounts ats displaced by on on-site refuse-derived fuel-base based ps 
__ For nine of the 10 medium at and large Naval industrial facilities studied, plant-s size 
facility: applications of solar-and wind-based energy are 


of tke eqnipment 
- was sponsored by 7 Naval Material Command and carried out 
_ under the Naval Shore Facilities aa Research and Development Program. 
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EQUIPMENT QUALIFICATION: ‘thoes for 


Nuclear px power plant | facilities have numerous safety- related equipment. These me 


are needed for the safe-shutdown of the reactor. The safety requirements call 
for the verification of functional operability of the equipment. at. This functional — 
operability i is sought to be demonstrated not only for self weight and load generated # 
as a result of operation, but also for significant vibratory loads, unusually high - 
or low temperature, pressure, humidity, radiation, etc. The aspect of equipment P § 
_ qualification, which involves the consideration of effects due to earthquakes, 
_ is traditionally referred to as seismic qualification. Are ee) 
an has | been a common practice in the past to consider only the earthquake 
motions | among , all the possible vibratory motions. Some of these vibratory 
motions, which can often be more severe than the seismic motions, are those — 
due to the safety relief valve discharge (SRV) and the ete re accident — 
(LOCA). There are several possible types of valve discharges, e.g., one valve, _ 
19 valves, etc. Similarly, there are several loss- of-coolant accidents, e. g., , small 
break, intermediate break, large break, etc. The vibratory motions due to = 
SRV discharge and LOCA are e characteristic of the boiling water reactors (BWR’s). 
_ As it has been mentioned cartier, not all the possible vibratory motions have 
been considered in the past. This has —_— into question the qualification 
of many equipment, systems and subsystems. Similar to the neglecting of some 
of the vibratory motions in both test and analysis, concurrent mechanical, pressure 
and thermal loads have also been disregarded i in the qualification of equipment | 
by test. The paper deals with the application of vibratory and concurrent loads. . 
Equipment qualification in general has been covered in Ref. 3; the requirements — 
qualification have been covered in Ref.2, 
me an An area of shortcoming in the qualification of e equipment has been the failure 7 
. to apply the the three components of vibratory motion. It has been assumed that 


all equipment possess s axes of symmetry, and the responses 0 of the equipment | 


in two horizontal directions are independent. It is shown in the paper that 
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— assumption of independence o' of r response can can in many cases be untenable. 
In the qualification by test, the test response spectra a have been shown, g 


‘The attempted qualification of equipment has been for vibratory motions due 
to earthquake. Vibratory motions may develop during a LOCA as well as an 
SRV actuation. The attendant accelerations or displacements will require qualifi- ; 
“cation of equipment for such effects of vibration. This is specially true for ; 
equipment in the containment or reactor building. In some instances, the loads 
due to the SRV or LOCA conditions will be higher than the traditionally considered roll 
dead load, live load and seismic load. Consideration of of fatigue \ under numerous 
events of the SRV loadings can be important. a 
‘In the qualification of equipment by the method of analysis, all concurrent — 


‘ jean are easily considered. However, in the case of qualification by test 
all concurrent loadings are not generally considered simultaneously. This can 


the process ‘of qualification for aging. In the tests for vibratory loadings, the a 


only loads considered are electrical loads, where applicable, self weight of the 4d 
equipment and the vibratory loadings. The normal operating pressures are not “a 
considered. Since the actual in-plant environment may have simultaneous temper- 
ature, ‘pressure and vibratory loadings, the present met method of qualification may 

not, in the opinion of the w writer, constitute adequate qualification. It is important 

that proper attention be given to improve the method of qualification by test, 


the test specimen simultaneously with the vibratory motions. In this connection, 
the following is to be noted in subsection 6.1.5 5 Loading, of IEE IEEE Std 344-1975 7 


Seismic qualification tests Class 1E equipment shall te 

with the equipment subjected to normal operating conditions. These = a 


include electrical loads, mechanical loads, thermal loads, pressure, etc 

which adversely affect the Class 1E function. These may be simulated — 

_ should be shown to be equal to or greater than those expected in . 

| x normal service. If not included as Part of this test, the absence of the — 


IEEE Std 344 (1) r recommends the consideration of operating condition loads 


 onliee for qualification of equipment for seismic loads. It would be logical r 
to suggest that other concurrent vibratory loads, e.g., loads due to SRV actuation - 


- Since | the safety relief valve actuation can occur much more often than the 


} the characteristics of the test input motion has led to arbitrarily <a 7 
€ qualifications Dy test and analysis not fully Consistent With each O 
5 @6€3—=—-_—sOdAm. a test, it may be difficult to duplicate the design temperature, pressure = 
. . 
= 
— &g 
so that nozzle loads, temperature and pressure loadings can be imposed on __ 
od 
| 
q 
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‘operating earthquake (OBE) and safe shutdown (SSE), the 
2 _ SRV loadings are also to be considered separately from the earthquake loads. 
‘This is primarily for determining the fatigue resistance of equipment to low 


IEEE aed 344 (1) mentions the normal operating conditions. The writer — 7 


4 for the qualification of equipment, when such loads may occur simultaneously. _ 
The writer finds that it may not be too difficult to simulate the in- “7 4 


_ _ today for BWR plants. The temperature and pressure can be duplicated, even 
eb if approximately, during the test for vibratory motions. Even though it may 
be very difficult, nozzle loads can be simulated in some cases. Thus, there 
an no reason why the qualification of equipment shall not be meee 
for all concurrent loadings, including temperature, pressure, vibratory motions 

“due to SRV actuation, LOCA, 


Components OF EARTHQUAKE 


a _ be considered to have components along the three axes of the Cartesian coordinate 
_ system. The physical characteristics of the structure or equipment can lead 
_ to responses not only along three directions, but also to 


effects of the three components the motion are 


alee in an analysis. The specifications on equipment qualifications generally — 


_ as it is considered difficult to apply the three vibratory motions simultaneously, _ 


Hi - call for the application of the three components of the vibratory motion. However, 


a _ IEEE Std 344 (1) permits single or biaxial tests, if the tests are designed to 
conservatively reflect the seismic event at the equipment mounting locations, 
or if the equipment being tested can be shown to respond independently in 

of the three orthogonal ‘directions, or | otherwise withstand the seismic 
It should be clearly evident that a single or a biaxial test can almost ne\ never 
duplicate the effects of the three components of vibratory motion, unless of c. 
course the applied motion in the single or biaxial directions is significantly — 
higher than the otherwise required test motion. In practice today, biaxial input 
: motion is. most | frequently u used in the qualification of | equipment by test. 


Let Fig. 1 be a “ so-called” i symmetrical equipment or cabinet. In the une 
States, this is almost invariably tested by applying biaxial motion. It is apparent — 
that the corner elements of the equipment are subjected to the effects of the 
applied vertical and one horizontal motion. If, however, a vertical and two | 
horizontal vibratory motions were applied, the corner elements would respond 
to all the three motions. This can be true of not only the corner elements, 
but also of many other elements of the piece of 


4 

ang e an he om bined where nece a Heine done 
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2 shows the transmissibility of motion to a test motion in the side 
to side direction of a typical cabinet. It is seen that even though the test motion _ 
has been applied along only one horizontal axis, namely, the side-to-side direction, 
the responses in the frequency ranges of interest are about the same in the 
_ Fig. 3 shows the developed view of another cabinet. Also shown are the 

a | spectrum curves developed for motions in two cathogonel horizontal 
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directions for test motion in the vertical and front to back directions. It is = 

: & be noted that the horizontal component of the test motion has been — 4 


= For the cabinet in Fig. 1 - is seen that the response in an element may 


| 
‘ 4 
| Figs. 2 and 3 it has been observed that the responses in the horizontal directions 5 
be coupled. Similar observations can be 


which at present a biaxial test motion is applied. y 
One way to approximate the multidirectional vibratory motion would be to 
locate equipment with their geometric axes axes at angles to the direction of motion — 
_ applied to the test table. Components of the applied single axis or biaxial motions — 
ir to the table would be effective in directions parallel to the axes of the cosipenent. 
This may, however, have the shortcomings of inadequate consideration of the 
= gravity | loads. The TRS’s, generated for motion in the component directions, 


should envelop the RRS’s. Since the ‘motions, applied the 
out 


== 


2. .—Side-to-Side Test of Cabinet: Transmissibility. Plots 


_ test by r rotating the equipment through 90° or 90° or 180°, as the case may be. 

Another way to approximate the three components of the vibratory | motion 

; would be to use the vertical RRS in conjunction with a horizontal RRS, obtained 
from the square root of the sum of the squares (SRSS) of the two horizontal _ 
RRS’s. The test is performed for the vertical RRS and this new horizontal _ 
_RRS. The test is repeated by rotating the equipment through 90°. If the applied _ 
"vertical and horizontal 1 motions are on coherent, then tests are to be — 7 

: 180° out-of-phase motions. 


= 


| 
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For any test involving vibratory motions, it is necessary that the test response _ 
spectrum (TRS) curve, generated from an analysis of the test motion, envelops  _ 
the specified « or required response spectrum (RRS) | curve. IEEE Std 344 on 
states that the proof test seismic simulation waveforms should: = = ah 

L Produce a TRS which closely envelops the RRS or the applicable portions ” 


G PEAt 
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“ACCELERATION 


hi: 


FIG. 3.- 3. to-Back / Vertical Test of Cabinet: Response Spectra 


(but not overly conservative) test table motion, 


Not include frequencies above the ZPA asymptote. 

* ‘at ZPA is defined as the zero period acceleration, which is the acceleration - 
that is not amplified beyond the input acceleration. 

There are very good reasons why the TRS should closely envelop the RRS, = 

and why the test motion should not include frequencies above the ZPA asymptote. __ 

sg If the TRS is lower than the RRS, then (generally speaking) the test motion 

does not conservatively represent the design vibratory | motion. At very small 


frequencies, ho however, the TRS may not the . This because 


7 
| 
| 
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3 be of any concern because these small frequencies, say below 3 Hz, are wag be 
a than the fundamental period of the equipment. Similarly, there may be problems 
of shaker control at high frequencies. This may be manifested during tests 

motions due to the SRV actuation. The TRS should 
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FIG. 4. ot TRS Enveloping an RRS Too Conservatively 
ZPA asymptote of the floor or required response spectra indicates that the | 
bl vibratory motions at the frequencies of the asymptote have been filtered without _ * a 
_ any magnification. Thus, application of any test motion, with frequency contents 
higher than that at the onset of the ZPA asymptote, is tantamount to disregarding ne 


the filtering effects of the structural or soil-structure system. Unfortunately, a@ 


: however, it is a frequent experience that the TRS envelops the RRS too a 


undetermined nateral frequencies or with multiple frequencies, , will generally ay 

be random in nature. It is to b be noted here that the eataiaind of internal — 
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components of oquiguent on. not monitored. It is suggested that for random | 
motion, the ZPA of the TRS should not be more than one-fourth of the neck 
_ acceleration of the RRS for 1% damping, not more than one-third of the peak 
acceleration of the RRS for 2% damping, and not more ore than 1/2.6 of the peak 
acceleration of the RRS for 3% damping. The basis for this recommendation ~ 
be found in the attainable response to random input motion. qotevne 
‘= eee. and pressure loads, which may act aes with the 
loads, are not considered along with the vibratory leads 


specified vibratory motions are considered. In the case e of qualification by test, —— 
_ generally only two components of the vibratory motion are considered to act 
simultaneously. This leads to an inadequate qualification even in the case of 


- equipment with axes of symmetry. Many equipment, cabinets, etc. are considered © 
to have axes of symmetry. In many of —_ cases, » there exists strong coupling — 


Frequently in tests, it is observed ‘that the test spectra” envelop 
the required response spectra too conservatively. Also, the filtering qualities — 


4 of the structure are found to be nga in the test motion, as the test 


motion 1 has hi high fr frequency contents. 
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PLANT COOLING 
By Gideon Sinai," M. ASCE, Willaim A. Jury,’ 
ane and Lewis H. Stolzy? 


7 _ Only about one third of the heat generated in a piace power plant is converted 
into electricity. The remaining two thirds of the generated heat is waste and | 
_ must be removed from the plant condenser into the atmosphere or to a body _ 
y of water. A cooling system is therefore required for this. In the past, the - 7 
‘once-through”’ (OT) cooling method was widely used. By this method, water 
- from a large natural source was cycled once through the ‘condenser to coal 
| the steam in the plant, and the waste heat was thus disposed to the water. _ 
This was found to be the most energy-efficient | method available. However, i 4 
_‘Tecent restrictions on the disposal of waste heat into natural water bodies (P.L. 
= 316a) in the United States have limited the continued use of the OT method. 
In addition, public pressure against locating power plants in the coastal areas 
of California is resulting in their being moved to unsettled inland areas, giving a 
tise to several further problems. These plants will require substantial volumes 
of fresh water, regardless of the cooling method used, and will therefore compete 
with other users for the limited fresh water resources (9,11,15). Alternative 
i _ cooling methods also have associated problems. “Dry” systems do not require 
- large volumes of ¥ water, » but are not as | energy efficient ¢ as s the OT method and 


of saline blowdown water from the cooling system to open fields. This water — ; 
may percolate through the soil and contaminate the ground water ere ae ie 
_ Several solutions have been proposed for the difficulties associated with the 
building of inland power plants. The Department of Water Resources of the 
"Leet. of Soil and Water r Engrg., Faculty of Agricultural Engrg., Technion—Israel 

? Assoc. Professor of Soil Physics, Dept. of Soil | and Environmental Sci., Univ. of 
3 Prof. of Soil Physics, —_ of Soil and Environmental Sci., Univ. of California, 
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_ the competition for fresh water, it has ollie attendant problems which are 4 
discussed by Jury et al. (15). The United States Environmental Protection — ‘ 
(EPA) has proposed the use of ‘evaporation ponds to prevent the contamination | = 

, of ground water by the saline blowdown water. However this has proven to = 
be expensive, and an alternative method of cooling water disposal by use of = 
controlled irrigation of adjacent fields has been suggested (14,15,16), ae 4 

hh aiternative approach to power plant cooling, the ‘‘once-through conveyor” | 
(OTC) method, is proposed here. The method utilizes water from large dc domestic 
networks close to the site of the power plant. The water is siphoned from 
the domestic system, passed once through the power plant condenser and then 
returned, slightly warmed, to the system downstream of the intake point (Fig. 1). _ 
The OTC method is similar to the conventional OT method. However it has 
_ several advantages which are detailed in the following text. In the southwestern _ 
United principally there are large w supply and aqueduct 


FIG. 1.—Schematic Diagram of Proposed: OTC Cooling Method 
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.! ‘aoe hal are highly suitable for application of the proposed OTC method. 
~The method discussed herein is shown to be a feasible source of cooling water 
‘sufficient to meet anticipated expansion of electrical generating facilities in the 
western United States, which has no adverse environmental impact other than “i 
an insignificant water eee ame and salinity increase in the domestic water 


OF Proposen | Coouns M MetxHoo (OTC) 


_ The principal elements of the system are shown in Fig. 1. Cold v water is 
withdrawn from a conveyor, which may be a canal, a pipe, or any other part 
_ ofa water supply network. The water is passed through the power plant condenser, 
= it acts as a coolant, and is then returned, slightly heated, to the same 


= conveyor downstream of the intake point. ‘The OTC method differs from the 


a 
State of California, and others, are considering the use of agricultura: on 
‘ 
| 
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and returns the water to same Obviously, the effect of the cooling 
process on this - Ss water must be very carefully monitored, and the water source 
and recipient are therefore integral components in the overall design process. te 
OT he excess heat is carried into the aqueduct where it is dissipated by several 
‘different mechanisms, depending on the form of the aqueduct. For example, 
if the section of the aqueduct downstream of the water return point is a canal, 
_ then most of the heat will be transferred to the atmosphere t by convection 
and evaporation carrying off latent heat. Thus is this case, there is some e associated 
_ excess water consumption. Alternatively, if the heated water passes into a buried , 4 
 ~ or network of pipes, or even into a tunnel, then the heat will dissipate _ 
slowly, mainly by conduction through the soil, and there is very little water — 


it can be seen therefore that analysis of the oTC ‘method is point. Fo on 


° 


OTC PIPE 


2 2. Representation of Six Types of OTC Methods 
; unite: if we consider the California State Water Project, several locations 2 
could be chosen for the intake and disposal points along the aqueduct. The 
networks, in the Central Valley consist } mainly of a canal section (see Fi 


of conveyors d q 


gequires ‘different design considerations with to power plant siting, heat 
oot mechanism, and environmental impact assessment. We have also 


| 

7 | = aqueduct. The southern section of the aqueduct has some tunnel section reservoirs, __ 
a « and even a network, operated by the Metropolitan Water District of Southern A 
_ § California (MWD), to distribute water to the urban areas of Los Angeles and . } 
; 4 San Diego. We have therefore classified an aqueduct into six different possible __ 
: _ forms: open canals, tunnels, buried pipes, water reservoirs and la 
a 
— 


classified the oie OTC method into six groups, corresponding to i ox 


forms | of water conveyors. These are shown schematically in Fig. 3. 
h we Fig. 3st shows the California state project divided into segments in which pe 4 


of the six OTC groups may be applied. If for example, a plant is located in 
the Central Valley so that the apres water will be returned into the irrigation 


is through the irrigation network. This case is + therefore designated as OTC-Irr J 
_ network. If on the other hand, the power plant is located in the Central Valley _ 


OTC IRRIGATION | OTC URBAN 
FIG. 3— 3. —Division o of t California Aqueduct into Sagmanent in which Different OTC Types 
close to the California Aqueduct, then the heated water is returned into the = ff 
canal reaches of the aqueduct. ‘Therefore, in this nadie cooling system a a 
Desicn Aspects in OTC 
In designing cooling systems for power “ais there arises a conflict between 
the desire to minimize construction and and desire to prevent 


| | 
< 
a: 
Catia 
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any pollution or other hazards associated with | systems. “Most ‘States 

in the United States have restrictions against thermal or salinity pollution from 
Se plants, although the degree of these restrictions varies from state to i 
"e state. Most of these restrictions were imposed to prevent pollution from commonly F: 
used cooling systems, principally the conventional OT method. The regulations 4 
“¢ rules that will be developed for the anticipated use of the OTC method *. 
obviously ni not at yet known, and therefore, a fully developed design concept 


= of ‘the OTC method, is presented it in the next section of this paper. The design 3 
‘process for the OTC system will have the following elements; = 
Ee be Determination of the electrical output capacity, heat rejection requirements 
z at full load, projected capacity factor, and typical varied load ee of = 
ae Collection and compilation of data on possible water sources for the aS 
_ system, including flow characteristics and temperature regime of the water in 
_ the conveyors and climatic data for the site and downstream along the aqueduct. ~ 
3. Calculation and estimation of the thermal capacity of the 
depends on, among other aspects, the type of OTC system being used. ar 
o> 4. Meeting the heat rejection requirements, determined in item 1, with h the 4 . 
_ thermal capacity of the conveyor calculated initem3. 
‘Consideration the environmental restrictions which may be imposed 
“a in the future; e.g., limitations on the maximum allowable increase in the 
temperature of the water. wee 4 
_ 6. Economic evaluation: of the alternatives ani in items 4 and 3 in 


— 
When planning a new power plant, the utility « eltiwaie is ‘required to file Wy 


*‘Notice of Intention’’ (NOI) to the public authorities for consideration, public 
and approval. ‘Regulations regarding submission of an NOI require the ¥ 
checking of different siting alternatives. This means that for every site ‘that 
is considered, ‘the same prescribed planning procedure must be followed. An : 
optimal solution for a cooling system at one location may not necessarily 
correspond with the overall optimum siting for the power plant one there = 
are many site-specific aspects considered in the planning process. Detailed 
planning procedure for an OTC cooling system is beyond _ 
the scope of this paper. However, further details can be found in a 


= 


by Sinai et al. (18). A brief review of some of the aspects involved in the 
_ Determination of Power Plant Characteristics and Power Utility Management.— a. ad 
_ Power utility companies constantly survey and n monitor their distribution a “2 


for a given ‘region does ‘not have a a steady value. It fluctuates with the wed & 
of the day, the day of the week, and even the month of the year. The utility 
company attempts to optimize the utilization of its generation facilities in order = 


= The demand fora ‘a specific region are usually in a load- duration 


= 


i 
| 
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plants are into three basic S: viz. 


units, cycling load units, and peaking load units. wed wat 4 

_ Analysis of the most economical combination of units suggests the following 

specifications: (1) Meeting the base load by units operating almost continuously 

at maximum capacity, using the least expensive fuel (these are usually fossil-fueled *, 
a or nuclear power plants); (2) meeting the cycling load by units that operate 

@ most of the time, but at a loading that varies with the demand; (3) meeting 

- peak load by units that operate only for the short peak-demand periods. 

_ These are usually gas turbine or hydroelectric plants, which have a short response 
time and relatively low operation costs, and are therefore economically viable ; 
even at a capacity factor of 0.05 or 
‘Thus, we see that the cooling requirements for base load units will be of _ 

a8 steady nature, whereas those for cycling and peaking units will be more transient. 
In fact the cooling requirements for peaking units will be relatively small and 
_ the OTC system will therefore be most suitable for base load and cycling _ 

if gah 


NUCLEAR POWER 
or = 


LOAD A 


DURATION OF LOAD 


7 
‘The operating efficiency of a power ane ranges from about 32% (nuclear) " a 
? to as high as 38% (fossil), and thus for a 1,000 MW nominal electrical output 
capacity, between 1, 600 MW and 2,100 MW of excess heat must be rejected . 
_ by the cooling system. Open cycle cooling systems are typically designed to pt 
up to a 10° C-15° C temperature difference between water entering and 
a« passing out of the condenser. These specifications may vary, but they are ee 7 
for initial planning. Thus the siting of the power plant, its capacity, its capacity — 
factor and operating . characteristics, and its fuel type are sufficient parameters. 
_ Estimating Thermal Capacity of Conveyor.—The thermal capacity of a given — 
= can be calculated using heat budget procedures. The concept of 
equilibrium o or ambient temperature T, is used. This j is the 


od 
| 
a 
| | with the regime of the two temperatures 7, and /, it is useful to relate to 


ditt fe erence = 


T,, which is called ‘‘excess temperature” (Fig. 


‘The excess heat injected i into the conveyor will dissipate by various heat- -exchange 


processes into the environment. 


of OTC Cooling Methods | 


This physical process was extensively studied 


in the 1960s and early 1970s for predicting thermal pollution of natural water 


dissipation | 


4 along the 
conveyor 


very fast, mostly 
by evaporation 
and convection 
very slow, mostly 
conduction 
_ through the soil 
to the atmo- 
sphere | 
very slow, mostly 
through con- 
duction to 
ground, 
depending on 
the temperature 
differences 
fast, mostly by 
evaporation 
convection 
fast, 
on type of ir- 
figation method 
& 
dwt 
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exh 


wrk 


moderate to fast, 
depending on 
branches and 


travel time 7 


evaporation 


moderate for 
sprinkler; high 


ay 


distribution along the conveyor 
yor" 


6(x) = 8, exp {{1-(@ 
4KdDb’/pC Qx/2d6D) = 


,(x) = 6,, exp [—24kx/QpC, 


i 


4 


a) 


in Canel but with ¢ shape factors 


in (iL) + — R)’ + 
in which 0.(x)=T,-T,; 


in which 6 ,(x) = 


Zz 4 Several models describing the excess temperature, ©, distribution along a 
conveyor and summarized in Table 1 have been published in previous papers 
(3,4,8,13,17,19). The temperature at the return point T, is the maximum tempera- — 
ture, and therefore the excess temperature @ is also a maximum at this point. — 
From the return point, © decays downstream along the conveyor. The models , 
shown in Table 1 for some of the OTC types are taken from models developed © 

to describe similar situations. For example, the model shown for OTC Canal — 


DY W 1S conventiona cooling SyStems. 
_ Water | Models usedin i 
dithee 
aN 
in 
R 
| 
a 
Urban" 
1 welled 
“Symbols are defined in Appendix I. 
___-*It is assumed that the ground temperature remains unchanged (J = T,,) at radial distance greater - 
than Rgr from the tunnel center vied bec Ye miage-bon 


isan expression developed by Brady | (4) t to describe excess 


_ tion @(x) from the heat injection point. The model : shown for OTC-Irrigation — 
and OTC-Urban Networks describes the case of parallel pipes buried under — 
E surface with water flowing in the same direction in all of the pipes. It © 
rs was developed by Kendrick and Havens (17) for a soil warming study. 70 estbon 
a In all of these models, steady flow of the water in the conveyor, constant — 
flux of heat injected, and constant ambient temperature 7, have been assumed 
i for the system. Simulation of more realistic cases for OTC-Canal will require — 
complicated computer models such as in (3,8, 13,19). Similarly, with OTC- -Irriga- 
tion and OTC-Urban Networks, the geometry and flow regimes of the reaches * 
_ in the network will greatly influence the computation, thus again necessitating 
ES Qualitative estimations were calculated for the different OTC types from a a 
detailed study of the heat exchange mechanisms (18). These estimations are -_ ; 


4 
given in Table | under the heading ‘ ‘Rate of Heat Dissipation Along a 


Conveyor.” 
; Meeting the Heat Rejection Requirements with Thermal Capacity of Conveyor.— 
The thermal mal capacity of an aqueduct is directly proportional to the flow rate 


— EVAPORATION 
—_ 


FIG. 5. —Schematic Diagram< of Proposed Combined Condenser Method (OTC. TOWER) | 


2 
g the water in the aqueduct. In many cases, the flow rate in aqueduct syeems 
§ governed by the local authorities in response to influences such as the storage 
_ Situations, the demand for water, and the anticipated availability | of the flow 
rate in aqueduct systems in n the southwestern United States is not at its peak 
in the spring, nor at its minimum at the end of the summer. The seasonal _ 
_ peak in the demand for water for irrigation and public consumption is in the 
_ mid-summer and early fall periods (July-October). Thus the flow rate in the 
ace networks of the southwestern United States is high during the summer, — 
and therefore the thermal capacity of these conveyors is also high during the 
_ demand for electricity in the southwestern United States also | peaks in 
_ the summer, due principally to the extensive use of air conditioning. Thus the 
peak demand for electricity conveniently coincides with the summer peak of 
the thermal capacity of the aqueduct systems. The large volumes of water flowing _ 
in the aqueducts can be used for cooling the generating units that operate at 
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POWER PLANT COOLI 
onservation and reduced construction costs of the ‘cooling facilities. aan odt 
“Combined Condenser”: Method for Increased Flexibility in Use of OTC Cooling — 
Method. —The OTC method requires large volumes of water to cool the steam 
& the condenser. For example, it is estimated that about 617 x 10° m’ of 
q ater are required | annually to cool a a 1,000-MW power plant. In some cases 
a power plant | may be located near an " aqueduct that has insufficient water 7 
for cooling the plant when it is operating at full capacity. In other cases a 
existing wet cooling system may need to be enlarged or even replaced. In both 
ss these instances, it is proposed that the OTC method can be used in conjunction - .. 
with anoth another r cooling method to meet the cooling ‘requirements of the power — 


Plant. 

TAME 2.—Estimated Thermal Capacity of Water Supply Systems in Southwestern 
United States 


THERMAL CAPACITY, | 
in megawatts 


on 
Annual Flow, in Com... 


Aqueduct system meters e i a ct | 


unchanged 

Central Valley Project unchanged | unchanged 

California Aqueduct: 
San Joaquin 

In Tehachapi saline | (average) 

Gila Project i unchanged 

Salt River 1,625 | unchanged 


me Note: Data on the aqueduct systems was compiled from Refs. . 74 8, 12, 18, 19, 20, 22. The 

7 additional cooling requirements for California’s power industry was estimated by ERCDC (5) to be “A 
000 MW in the year 1985 and 26,000 MW in 1995.0 
_ A special ‘‘combined condenser” has been examined with Straughan and © 


Larson (Ian Straughan and Lorry Larson, The Southern California Edison Co. 


_ the steamcycleofapowerplant 


_ Fig. 5 shows a schematic miesnenel of the combined cooling system for 
= 


| 
| 
| 

5 
a 

| 

Rosemead, Calif., personal communication). It will consist of twoormore separate _ 
>. units receiving coolant from different sources and cooling the same steam from | 
: 


the « case of a a combination of with an OTC system ore. 

Be 5 A similar combination could be set up with other cooling methods. 

_ The combined condenser can be constructed in the same way as an ordinary 

"condenser, except that the OTC unit must be made from titanium alloy in order _ 
to prevent any contamination of the water in the aqueduct system. This is 

covered in more detail in the following 


‘By way. way of illustration we consider the hypothetical case of a new 2, —— 
power plant to be sited in the low desert in Riverside peg in California. 


—Overall Comparison of ae Methods fer Thermal Power Plants 


Water Consump- _ Conservation 
tion for 1000- of Energy 
Megawatt Fossil Unit Cost of of Power 


PowerPlant | Cooling’ 
plant Energy 


In mil- In mils ‘ effi- losses, 

lions of | «| ciency, | asa 
cubic - ilo- asa percent- 
meters age of 
method “per year hour | centage | centage | OT 
| 

Relatively none 
Thermal pollution of 
natural water bodies 
Groundwater contami- 
nation (slight) onal 
Requires large areas 


nation (slight 

Aerosal drift (moderate) 

Groundwater contami- 
nation by disposing — 

blowdown water 


Dust, noise 


°A proposed method, the figures are an estimation only. — eae 


of the | Central Arizona Project (see Table 2). ‘Since about 617 10° of 
water are required annually to cool a 1,000-MW plant by ‘the OTC system, 
the Colorado Aqueduct could be utilized to meet the heat rejection requirements 

_ from a power plant of approx 1,350 MW until 1995, and thereafter only 700 
— MW. Another cooling system with an initial capacity of 650 MW, to be enlarged — ; 

to 1,300 MW in 1995 could be constructed to operate in combination with the — 
OTC system to meet the requirements for the proposed 2,000-MW plant. In 
way substantial in fuel and construction can 


However th 
| 
| 
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ENVIRONMENTAL ASSESSMENT O1 oF otc C 
4 _ The quality of the water supplied to the customers is of prime importance so 

Pe. both to the public as the user, and to the water resources authority which _ 


= operates the distribution system. Several laws, restrictions, and regulations have - 


been imposed to ensure maintenance of the necessary water quality. The possible 

effects of the OTC cooling method on n the water er quality i in the aqeotuat networks: : 


contamination of ‘the water by toxic material. while flowing through ‘the 
va condenser; (2) disturbance of normal biological activity in the water due to 
the excess heat disposed into the aqueduct; and (3) the possibility of oversaliniza- : 
1 tion of the water in the aqueducts due to increased evaporation from the heated 5 
_ water. These issues are discussed in more detail in the following section. or: ile b. 
Toxicity. .—Investigation of the materials used to construct condensers showed 
that the — alloy currently in use in closed-type cooling systems is a potential 


the 


Los ANGELES 


FIG. 6.- Diagram of Five Power Located ‘in California 
to public health due to the possibility of the water 


by copper ions. However, the titanium alloy currently used in open-cycle cooling © S 


conductivity and is therefore a suitable material for the tubes conducting the | 
coolant in a condenser. Although it is twice as expensive as the copper alloy, — 
it is suggested that the titanium condenser be used in applications of the OTC © 
. method (Straughan and Larson, personal communication). As an alternative, — 
it may be possible to use a - stainless steel alloy, which is considerably less 


a7 _ Heat Disposal.—The disposal of excess heat into natural water bodies is 
7 "prohibited by P.L. 316a. This law is intended to protect the normal biological bil 

activity in the recipient water body at the point of heat injection. The law 


* systems was found to be nontoxic. This titanium alloy has a high thermal 


restricts the allowable elevation of the ambient temperature to about 1° 


‘The OTC method disposes the excess heat into domestic aqueduct systems 
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. _ either to irrigation of agricultural fields or for public use. In both cases, there — 

_ is no major reason to keep the ambient temperature in the aqueduct system bce! 
: unchanged. The travel time and length of flow from a power plant located 
_ in the Central Valley along the California Aqueduct, to the customers in the 
_ Los Angeles area is sufficiently large so that there will be no change in the aa 

_ temperature of the water flowing from the taps in Los Angeles(18), 
_ Thus the problem of pollution from heat disposal does not arise. No major 
degradation in wild life activity along the water supply systems is anticipated. : 
However, this question should be re-examined more carefully, $= | ot 


TABLE 4.—Expected Increase in Salinity Along California Aqueduct Due to Situation __ 
Shown in Fig. 


Power plant numb: 


megawatts 
Aqueductreach 
Increased salinity in the 


aqueduct, in percentage of 
a 


initial 


: (1975) for heat dissipation along the aqueduct. It was calculated that the excess temperature, d 
_ @, would decrease from 10°C to 1°C (which is effectively zero) over a length of 93 : 
Thus the 120-km spacing allows for a 30% safety factor, 


evaporation due to the heating of the water when an evaporative cooling tower — 
; 4 used. Although we will use this number in our calculations, it is likely to 
water losses more closely corresponding to evaporation ponds or OT cooling 


Thus for a 1,000-MW plant requiring 617 x 10° m° of water annually for cooling, — > 
(13.9 x 10° m’ will be consumed through evaporation, 


= ~~ in which the biological activity is not generally considered to be part of — 
- natural ecosystem. Water flowing in an aqueduct network will finally be diverted _ 
EH Salinization.—Jury, et. al (15) have estimated that about 2.2% of the — | 
; withdrawn and passed through the condenser will be consumed through excess de 
| 4000 | 300 | 200 
a... a Note: The output capacity of each plant is progressively reduced along the al | 
; gz the aqueduct, because water is diverted from the canal for irrigation in the San Joaquin — vi 
Valley and the thermal capacity of the canal is therfore reduced in the lower reaches. > Ps 4 
| 
= = systems which consume less water than the evaporative cooling tower (15). 
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= the salinity of water in the aqueduct downstream 
the | section re rows the excess evaporation takes place; C, = the salinity of © 

_ th water upstream from the power plant; and a = the ratio of water consumed — 

_ by evaporation to water withdrawn by the cooling system. Jury, et al. (15) a 
used a value for a of 0.022 for the conventional OT method. If we assume * 
the same value for the OTC method then we get a salinity increase CJC, ‘7 

- factor « of 1.0225. Thus, if all the water in an aqueduct is used for « cooling, — 

_ then there will be a 2.25% increase in the salinity of the water, which may 
be considered as negligible. The 2.2% water-loss estimate is conservative. —__ 

: _ For example, if a 5,000-MW power plant were constructed in the San Joaquin _ 
Valley using the water in the California Aqueduct for cooling by the OTC 
method, it would cause an elevation in the salinity of the water in the agreed 
from about 200 mg/L total dissolved solids (TDS) i in the Delta Area to about © 

204.5 mg/L in the Los Angeles area. This can hardly be monitored and is 
unlikely to be considered as contamination. 
- If we consider an extreme example of five power plants located in series — . 


_ leas the California Aqueduct then the increased salinity in the aqueduct is “ 
only 11.76%. This example is shown in Fig. 6 and Table 4. The example 2 assumes 
the maximum possible use of the thermal capacity of the aqueduct, enabling 4 
a total generating capacity of 18,000 MW. It can be seen that the salinity only 
increases from 200 mg/L in the Delta Area to 224 mg/L in the Los Angeles 
area. Thus increased salinity of the supply networks is not anticipated to be 


_ The major aqueduct networks in the southwestern United States are the All = 


American Canal, the Central Valley Project, the California Aqueduct, the — 
Colorado Aqueduct, and the Los Angeles Aqueduct in California, and the Gila 


Project, » the ‘Salt River Project, and the Central Arizona Project in 
The length of conveying facilities and the annual flow data saan ee 
- from several sources, both published (1,6,7,12), and unpublished personal 
_ communication (R. Giles, Los Angeles Dept. of Water and Power; R. _A. Marsden, © 
Los Angeles Metropolitan Water D District; B. Simpson, , Nevada, United States — 
Bureau of Reclamation), in order to evaluate the potential thermal capacity 
of these aqueduct networks (Table 2). In some cases there was no — 
data on the future flow in the aqueduct system. It was therefore assumed that 
the flow would remain unchanged until 1995 in these cases. 
_ The thermal capacity of an aqueduct may be calculated in several different 
. - (18). A realistic assumption was made for purposes s of calculation, that | 
an annual average flow of 617 x 10° m’ is required to pass through the condenser — 
of a 1,000-MW power plant which is cooled by the OTC method. This is the 
same flow required for the conventional OT cooling method. On the basis of i 
this assumption, two possible scenarios wees, XS 120° 


In the first case (Table 2, Case I—Minimum) it was assumed that only 


power plant will be located along each of the aqueduct systems. This is 
“ _ Tepresentative of the situation in which heat disposal into the aqueduct systems 


— 


cooled using the aqueduct networks of the southwestern United States. About 
as of this capacity is located in California and the remainder is in Arizona, — 
> 


close enough to cool power plants also serving southern California. aS 
& In the second case a more liberal policy towards disposal of excess heat _ 
a the aqueduct networks was assumed (Table 2, Case II—Maximum). The 


> 


4 maximum thermal capacity of each aqueduct system was calculated, based on 
if the siting of power plants in series at selected intervals along the aqueduets 

(as was done in the example shown in Fig. 6). In addition, combined condenser 


LAKE 
of 


So Tucson 


FG. 2. —Aqueduct Networks i in Southwestern Uni States 


_— were considered to increase the flexibility in utilizing the water resources, 
7: and the use of secondary distribution networks such as irrigation and urban 


systems for cooling was also considered. An efficiency factor of 60% was applied 
assuming that not all of the capacity could be utilized. On this basis it was 
calculated that a total of 61,000 MW additional generating capacity could be — 
_ cooled by the water supply systems in the southwestern United States. Again, 
‘most of this capacity is in California, or closetoitsborder, 
4 ‘Only 10,000 MW additional generating capacity is predicted for the area ive 
1985 and 26,500 MW for 1995. Thus it can be seen that even if the conservative. 
g policy assumed in Case I is adopted, the thermal capacity of the major aqueduct — 
‘networks in the southwestern United States is adequate to meet the expected 


. 
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Conranson OF OTC MetHoo with OTHER Cooune M 

-- The OTC method is similar in several aspec aspects s to the conventional OT method. 
In both methods there is a withdrawal of a large volume of water which is _ 
passed once through the condenser. They are both open-cycle systems which © 
are considerably cheaper to construct -closed-cycle cooling systems such 


a A general comparison of the major types of cooling methods is shown in 
_— Table 3. Most of the data in this table are from Jury, et al. (16) where the 
methods are covered i in more detail. The factors compared are water consumption, a 
water withdrawal, unit cost of | of cooling, | energy conservation, and environmental 
a It can be seen from the table that the OT and OTC methods are e the cheapest _ a 
and least energy consumptive of the cooling methods. However, they both 
"withdraw large volumes of water which may be a disadvantage in desert areas 
where such volumes are unavailable. Apart from the dry tower cooling system, 
the OT can n OTC methods ; are also the least water consumptive of the methods. = 


only energy required i is that 1 needed to pump ) the water through the condenser. < 


pollution ‘of ‘the ‘natural ‘water bodies used 2 as a source and recipient for ‘the : 
However this er this problem does not arise with the OTC method. 


is an increasing tendency to move power plants from 


_ the coastal zone to inland sites. This s shift has attendant problems in the cooling rf 
4 process since the ocean is no longer available as an unlimited source of coolant. 
The OTC cooling method, which utilizes water from existing domestic supply 

networks, has been proposed in response to these problems. | 
= The OTC method is the cheapest to construct and operate, the least water 


consumptive of all wet t methods, and the | most t energy efficient. In addition, 


"Arizona is well in excess of the anticipated needs for additional electricity 
"generation in the near future. It is therefore suggested that new power plants 
: be sited along these existing large -aqueducts in order to > utilize t their 
Although no major adverse environmental implications are anticipated in 
applying the OTC method, it is recommended that continued investigations - 
= environmental implications of of the / proposed system should be carried out. o- 
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oth The following ambols are used in this paper: PF 


width of canal; 


specific heat of water; 
= mixing coefficient; 
ed average depth of water in canal; 


thermal conductivity of soil; 
= spacing between parallel buried pipes; 
= flow rate of water through single conveyor; iol 
= external radius of pipe; 
‘radial distance from tunnel at which ground temperatuce 
= 


excess temperature due to load; and 


counter numbering from th the center pipe; 
at heat point; 


= 
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‘OF Acw I DRAINAGES” 

Acid Drainage Problem.—During earth moving operations s (such as in coal 
strip mining, highway construction, foundation excavations, tunneling, etc.) rock 

_ strata, which up to this time were isolated from the atmosphere, are exposed ‘ 
_ to accelerated weathering processes and oxidizing conditions. Under these new 

weathering conditions: the rocks disturbed become physically a and chemically 

decomposed to various degrees. The products caused by weathering may affect 

_ the drainages with suspended sediment, highly dissolved solids contents, metal a 

contamination and, in some cases, acidity. Acidic drainages, in addition > 

- degrading the aqueous environment, have been known to decompose concrete 


structures and to dissolve. and | pit metallic structures in contact with these ‘ 


_ Acid mine drainages, as as the name e defines, are highly acidic drainage that 

y have pH’s below 2.3, anion concentrations (usually sulfate) exceeding 10, — 
mg/L, and acidities averaging 5,000 mg/L (as CaCO, ). They form when certain 

the problem is associated with coal mines but it has also been reported in 
- areas where pyrite (or marcasite) is uncovered during the land disturbance. 

In the presence of oxygen and water the sulfides oxidize to form a series of 

oth hydrous iron sulfates that commonly appear as white and yellow crusts 

on the weathered rock or sediment surface. Natural waters flowing over these 


_ sulfide minerals are exposed to the atmosphere and allowed to oxidize. Commonly, 4 


crusts dissolve the salts which hydrolyze to form acidic drainages with high 


concentrations of sulfate and ferrous iron. Subsequently, the ferrous iron may | 


_ be oxidized to the ferric state, complexing with ferrous and ferric oxyhydroxides 
-_ “Presented at the October 27-31, 1980, ASCE National Convention, held at Hollywood, if 


; iv "Assoc. Prof., Dept. of Geology, Environmental | Hydrogeology Program, Univ. of South | 

*Dept. of Geology, Univ. of South Columbia, S.C. 29208. bes 

South Carolina Water Resources Commission, Columbia, S.C. 29204. 

- Note.—Discussion open until October 1, 1981. To extend the closing date one one mouth, 


% a written request must be filed with the Manager of Technical and Professional Publications, 2 7 


ASCE. Manuscript was submitted for review for possible publication on September 16, 
1980. This paper is part of the Journal of the Energy | Division, Proceedings of t the American 
Society of Civil Engineers, OASCE, No. May, 1981. ISSN 0190- 
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which impart a deep red and yellow let thet | is of the ne acid 
chemical reactions explaining the oxidation of FeS, Production 


The of that 1 mole of FeS, will produce 2 moles 
* (acidity). In turn, the Fe’* * generated by the reaction of Eq. | can io ili 
oxidize into Fe** and produce an additional 3 moles of H (Eq. 3). Singer 
og and Stumm (7) report that iron oxidation, Eq. 2, is the rate limiting step of 
ne the reaction and proceeds slowly under sterile conditions. However, iron bacteria 
can enhance the ferrous iron oxidation and, therefore, serve as catalysts for for 4 
; 
Three bacteria have been isolated from the acid mine drainage geochemical _ 
P regimes and identified as being responsible for the catalytic affect. They are: 
(1) Thiobacillus thiooxidans, a sulfur- oxidizing bacteria; (2) thiobaccillus ferrooxi- a 
dans, a bacterium which oxidizes F e** to Fe** and (3) ferrobaccillus 
another sulfur-oxidizing bacteria (10). These bacteria to 
with pH values that range from 2. 83.2. 


a or alkaline drainages is dependent upon the presence of the acidity and alkalinity 
producing components within that system. If the amount of alkalinity generated 
exceeds the acidity, then the system remains neutral or basic. The — 

» bacteria are inhibited and solubility of Fe** and Fe’* is greatly reduced, which © > 

-_ collectively inhibits the acid production reactions. On the other hand, if the 

- acidity generated within any part of the geochemical system exceeds the alkalinity, yon 
the solubility of the FeS, is enhanced and the acid production is increased. — 

In addition, the low pH of the system, which controls the distribution of the — 

_ catalyzing bacteria, will augment the amount of Fe’* in solution, which increases An 

the acid load. Once the acid reaction begins, it becomes self-propagating, and 


. acid- -producing mechanisms begin to interact in a synergistic manner. ie 


some of the more common minerals that may be found at a particular site 
2 and the anticipated acid or alkaline. production capacity that each will have — 


: De It is important to remember that the quality variations expeteeed in Table 
_ | are qualitative and that the chemical translation of the mineral from the solid ne a 
q ‘to ionic phase in water is dependent upon a variety of solubility and kinetic: 


component that may affect a 


istry. In general, the problem can be resolved by identifying and measuring — 
a the amount of sulfide and calcareous material present in the system, in as 
_ much as these two mineralogic constituents have the greatest chemical impact __ 

The presence of feldspars may enhance the alkalinity produced, and certainly, — 
a the clays and micas afford a high ion exchange capacity which may ameliorate a 

_ the acid produced. Usually these effects are manifested on a regional basis. 
In those cases, however, where the potential impact of the land disturbance = 


Organic sulfur is the component that is organically bound and is generally not 

chemically reactive. Generally, organic sulfur contents of coals have consistent 

average values between 0.35%-0.5% (weight per weight basis) (4). With rocks, - 

te total sulfur measures pyritic sulfur, 
_ Sulfate sulfur commonly represents the weathering products of the disulfides, _ 


s outlined in Eq. 1. Samples of rock collected from Kentucky, Pennsylvania, — 


and West Virginia, were shown to have low sulfate sulfur values. This constitutes me 


a small percentage of the total sulfur that was measured and can be generally _ 
Tron sulfides, however, are generally recognized to be the primary sources — 


_ of acidity because of their ease of oxidation. It is often assumed that the amount | 


of acidity produced can be related to the amount of pyrite present, that is, 

the higher the pyrite (or sulfur) content, the greater the potential of the sample — 


TABLE 1.—Some Common Minerals and Expected Acid or Alkaline Impact on 


Inert; low specific conductance 099 
Mildly reactive; some 
4 Clays, micas Ion exchange; may serve as neutralizing 
_ Calcareous material (calcium, magnesium | Soluble in water; produces alkalinity in 
carbonate), €.g., limestone, dolomite, proportion to partial pressure of carbon 
oF dioxide and solubility of mineral phase 
Siderite (iron carbonate) _| Slightly soluble; produces alkalinity initial- 
q of but turns acidic with iron oxidation 


Disulfides [includes sulfides of iron  _| Oxidize to a series of soluble hydrous sul- 


particular TOcK strata, cach mineral change in 
ii drainage quality is identified and the rock’s potential to produce acidity is balanced fe: 
__ against the potential to produce alkalinity to determine the net resultant geochem- &§ 
material and sulfides that dominates the drainage quality characteristics. 
-,. Acidity (Sulfur Content).—One measure of the stratum’s capability to produce —=s—«éj 
; acid is the sulfur content. However, sulfur in coal, associated strata and = 
__ organic-rich rocks, may occur as organic sulfur, sulfate sulfur, and pyritic sulfur. § § 
4 
| 
"1 
| 
| 
‘ 
etc.] acidic, high sulfate and metal-rich drain- q 


q of carbonate produced acidities that varied more directly with the pyrite particle 
size. was own that coarse grained Pyrites (greater than 30 p) were the 


compared to the small pyrite particles (less than 0.25 p 1) which rapidly p nenathcoer ae 
upon exposure to the atmosphere. In terms of a sample’s potential to produce ; 
acidity (all other parameters being equal) the samples with a peotominenss — 
_ of fine grained (framboidal) pyrite generate orders of magnitude more acid than | 
7 samples having coarse grained pyrite. Thus, by monitoring samples for total 4 
sulfur, which reflects to some degree the pyritic sulfur content, and noting 
_ the pyrite morphology, the rock’s potential to produce acidity can be assessed. 
This holds true only if the geologic system is carbonate deficient. 
_ Alkalinity (Calcareous Material Content).—The first writer (2), and the first ye 
_ writer and Geidel (5) have shown that the degree of acidity or the potential 
of a rock to produce acidity is also related to the calcareous material (Ca-MgCO, ) 
content of the rock. This component can produce alkalinity and a highly buffered _ 
and potentially neutralizing leachate. In addition, it raises the pH of the 
a ground-water regime which effectively surpresses the iron bacteria microbial _ 
activity and reduces the catalysis of the oxidation of ferrous iron. Recent evidence -s 
suggests that the calcareous material can also inhibit" the oxidation of pyrite P 
which tends to stabilize the sulfide bearing rock. 
- “a However, unlike the acid-forming reactions (which have few rate limiting — 
4 steps due to the high solubility of the oxidation products), alkaline production — 
_ from calcareous material is constrained by the low solubility of the specific i 
carbonate mineral in water (siderite excluded) (6). As a result, levels of alkalinity aif 
are limited by the partial pressure of carbon dioxide, the time of water contact _ 
and the solubility of the specific mineral or rock, e.g., calcite, dolomite, limestone. 
- Role of pH.—One additional factor plays an important role in this examination, 
and that is, the pH of the geochemical system before the land disturbance. ar 
_ The pH of the ground-water regime may be low (due to the carbonic acid - 
reaction predominating in the absence of calcareous material) or high (due to 
the carbonate species present). In the former case, the iron catalyzing bacteria 
are viable and capable of accelerating the acid-producing pyrite oxidation reactions 
- and leach the pyrite grains of their stabilizing carbonate; whereas in the latter 
case the bacteria are displaced, the reactions are not catalyzed and the pyrite 
‘The three factors examined in the foregoing have been summarized into ‘a 
conceptual model that interrelates all three factors and projects the drainage 
quality that may be expected under a variety of conditions (3). eh, © nae 
_ In one hypothetical hydrogeochemical case, the strata contain primarily coarse 
* grained pyrites which are relatively slow reacting and do not produce large 
amounts of acidity. In the same setting there is an abundance of calcareous © 
‘material which causes the pH of the ground water to be above 6. 4 os 
_ deactivates the iron bacteria) and gives the water a highly alkaline, strongly 
_ buffered character. In this geologic setting, the minor amounts of acidity produced _ 
by the coarse grained pyrite are neutralized by the alkalinity, the acid reaction 
is not catalyzed and the pyrite stabilizing carbonates, if present, are preserved. _ 
j Here, drainages could be e expected to be chemically neutral and have low w sulfate 


ev OCCURRENCE A AND ) PREDICTION 


‘is 5 fine ouinad. and rapidly oxidizes to produce abundant acidity. Here, in the 
absence of calcareous material, the pH of the ground water is low which supports 
the iron bacteria that can can catalyze the acid reaction. The lack of calcareous 
‘material also produces low alkaline-lightly buffered ground waters (low specific 

: _ conductance) that are easily degraded by the acidity produced. Drainages in _ 
environment have high acidity, sulfate and conductance. tp tk. 4 


can produce highly alkaline waters. In this environment the acid waters 
are neutralized by the alkaline waters to produce neutral, high sulfate type - 
_ Moderately acidic, moderate sulfate drainages may occur with with degrees of of 
mixing of the tw of the two geologic coctings. it 
and reflects the ion is derived primarihy 


ASSessmeNT OF Stratum’s Capasitity T ce Acivic Water 
= Stratum’s C uce Acioic Wate 


Mine Drainage Characterization.—As shown in the foregoing, the chemical — 
oe of a drainage en emanating from a land pertubation is determined primarily 
the ground-water r geochemistry, m mode | of pyrite distribution, occurrence 
calcareous material, presence of iron bacteria and the manner in which all of Z 
_ these are allowed to interact by the nature of the land disturbance. Thus, the — 4 


: a of acid waters cannot be based exclusively upon rock analyses. “a 


in completed o or restored site (which itself i is ‘readjusted in 
of its hydrology, geochemistry, pore space gases, and surface revegetation) — 
that the quality of drainage can begin to be assessed. Usually these adjustments 
take place over many years and the true nature of the drainage quality may 
information presented in the in terms of the assessment of 
= a stratum’s capability to produce alkaline or acid drainage is best used as a : 
guide for the placement of rock material to minimize the environmental impact 
of the land pertubation on the adjacent streams. Acid-producing material should " 
be isolated from the near surface environment, whereas alkaline material should 
= be utilized to . enhance revegetation ¢ efforts. To extend rock analyses to the 
7 prediction of drainage quality without considering the kinetics « of acid or r alkaline © 4 
4 release, the ground-water geochemistry, the chemistry of recipient streams, the | 
quality of the rain, the arrangement of the material in the backfilled site (slending 
versus segregation), the hydrology of the site, the evolution of pore space gases, 
4 and the chemical loads (as opposed to concentrations) of the acid and alkaline 
- leachates, ignores the multivariant nature of the acid drainage problem and - 
_ Experimental Design. —The initial objective of this study was to ascertain, 
; through laboratory experiments, the affect that various leaching solutions would © 
_ have upon the quality of leachates from several dark gray shales. Historically, 
these rock types produce acidic drainages. Because each sample was expected — 


have a different chemical composition, the design was 
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4 to include an ancillary study to see which parameter best ‘Predicts | the clty 


of leachate expected from each sample. baa beat 
Eleven samples of dark gray to black shales were collected from newly cut a 
cores of several strip mines in Wharton Township in southwestern Pennsylvania. — 
_ Four samples were collected from above the Brush Creek coal seam, four from a 
above the Mahoning coal, and three from above the Lower Kittanning seam. i 
The 11 shale samples were crushed to pass a 4-mm sieve and subsequently - 
riffled into three representative portions of roughly equal size, giving three 
groups and a total of 33 samples. Each of these was then further riffled to 
produce two representative but unequal portions. The larger portion was used 
_ in the simulated weathering tests, and the smaller portion was used for whole 
be The small portions (10 g-20 g) of the samples v were pulverized to pass 100 — 
p and analyzed for total sulfur (a measure ¢ of the pyrite content) and calcareous e 
material contents. These two parameters, and the relative preponderance of 
TABLE 2.—Chemistry of Acid Rain, Synthesized Mine 


Concentration, in =| = Concentration, in 
Component th ‘milligrams per liter Component milligrams per liter 


one over the other, should identify the sample’s acid or alkaline production — 


_ The sulfur analyses were made by igniting a 100 mg portion in a LECO 
7 | Contention Furnace, entraining the gases and sulfur dioxide into a dilute HCl, 
2 starch, and KI solution and titrating the solution with KIO, to a predetermined 
= _ endpoint. These results are expressed” as sulfur —— on a weight per — 
The calcareous material content was the hot ‘digestion of 2.00 | 
_ g of sample in an aliquot of 0.1 N HCl, cooling and back titrating toa predetermined a 
endpoint with a standard base. The amount of titrant required to achieve the © 
endpoint measures the amount of HCi consumed by the samples and is a measure 
of the neutralizing potential (NP) of the sample (8). These results are are expressed 
milligrams of CaCO, equiv per 1.0 g of sample. 
‘The 33 larger portions of the samples (100 g-300 8) were placed i in individual - 


| 
| 
ACIG Main, K | Mine Urainage, A 
wi 
| 
| 
q 
plastic Chambers rougn which umigilied air Was COonstar p 


OCCURRENCE AND AND PREDICTION 
om weekly ianervels the chambers were opened and one group of samples was 
- - covered with deionized water (W), the second group was covered with synthesized _ 
acid rain (R), and the third group with synthetic acid mine drainage (A). The et 
composition of these solutions is shown in Table 
_ The leachate volume produced by the flushing was measured and analyzed > 
“for pH, specific conductance, acidity (hot mineral), alkalinity (cold titratable), — 
_ sulfate concentrations in accord with Standard Methods (9). Using the weight 
of the rock sample \ used in the weathering test and the leachate volume and So 
all results were converted to milligrams of acidity, alkalinity, or sulfate 


produced for each leaching per 100 g of sample. These values were plotted | i: 
versus time to graphically depict acid or alkaline production trends with time. _ 
‘By relating the measured chemical parameters to the chemical reactions ioe 
previously mentioned, the chemistry of the leachates can be used to interpret ‘ 


the weathering responses ; of the rocks to the different leachants. As an example, 
the specific conductance of the leachate measures the ionic strength of the 
Pe solution and reflects the rock sample’s reactivity. Sulfate ion is derived — 2 


_ TABLE 3. —Chemical Reactions and Associated Leachate Characteri 


=| 


Sulfate Chemical Reactions 
absent i Calcium, magnesium carbonate 


dissolution 
} Pyrite oxidation i in absence of 


carbonate 
‘present Pyrite oxidation to produce 


neutralized by alkalinity 


the pyrite contained in the rock leached. The acidity and alkalinity of the beadiune 
_ measure the balance between the acid and alkaline producing components fo found 


_ Table 3 outlines the r relationships between leachate 7 and the ¢ chemical 


Results and Analysis.—The 11 samples used i in this ote had varying sulfur — 
and neutralization potential values and after being leached for nN weeks an 


a 
7 had similar characteristic chemical responses andi in order to facilitate the analysis 


to shift peti when one rool wth Bean to another. This yor not mean 
that different concentrations of acid were used i in the study, rather these shifts 


conductance 
=, 
| 
| 
| 
obtained in this study, are presented. ts 
: _ The four samples are shown in Figs. 1-4. The dashed line in Figs. |-4 represents _ 
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; 3 samples (greater than 250 g) would produce different leachate qualities than 
small samples (smaller than 150 g), even though the sample compositions were - } 
_ the same. There was a strong correlation between the specific conductance i - 
7 _ values and the sulfate content and both trends mimicked each other; as did 
"4 the pH and the leachate acidity. For these reasons the pH and specific conductance 
3 Sample #1 had a high sulfur content (2.1% S) and an NP of 31: mg of CaCO, — 
equiv per | g. As Fig. 1 shows, this sample did not produce acidity, as reflected _ 
by the nonincrease in sulfate and the fact that all leachates were neutral. In | 
; - fact this sample, because of the high NP, neutralized the acidity of both the 
acid rain and the acid mine drainage. Clearly the leachate from the sample — 


ntnetic 
Syntnetic Mine Drainage 
SULFATE OF: 
Derived Leachates 
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FIG. 3. —Plot of Leachate Acidity and Sulfate Content 


leached with acid mine drainage was nonacid, indicating neutralization had taken © 
a - place. Thus, although ¢ the potential of this sample to produce acid was high 
1% S), calcareous material present not only” neutralized the acidity 
introduced, but, as shown by the nonincrease in sulfate, inhibited the oxidation ‘ 
™ Sample #3 had a lower sulfur content (0. 2% Ss) and a lower NP (19 mg 
of CaCO, equiv per | g). The acidities of all leachates produced are lower 
than the levels of acid introduced into the system (Fig. . 2). Here > again, the 
acid added to the sample (A) is being neutralized, but significantly, minor amounts = 
of acid begin to appear in the A leachate after about the fifth week. Minor _ 
_ increases in the sulfate (i.e., the sulfate content of the leachate exceeds the 
sulfate content of the leachant A) suggest that s some of the calcareous material es 


has — from some ‘pyrite but a large amount is still Present — 
to neutralize the acidity introduced. « ties Yo 
- Sample #9 had a low NP (4 mg of CaCO, equiv per | g) but a moderate 
sulfur content (1.2% S). As evident in Fig. 3, the amount of acidity produced 
after the third week exceeds the amount introduced by leachant A. Note too 
4 how the sulfate content increases with time, reflecting pyrite oxidation. 
ae: is true for both the deionized water and the synthesized acid rain. This sample 
; also showed that deionized water was more reactive than the acid rain. Aside 
from the empirical results this sample is identified as an acid producer because a 
it has a paucity of calcareous m material (low NP) and a moderate amount of | 
- Sample #10 had a high acid production potential (3.1% S) and some NP 
ba mg of — equiv per | g). In Fig. 4, it is interesting to note that the _ 


LEACHING SOLUTIONS 
Deioniz 


a 
A Syntnetic Acid Mine Drainage 
SULFATE OF 


LEACHATE ACIDITY (mg/100g as Caco, 


a TIME 


sulfate contents Yr eaten during the entire course of the experiment, 
were significantly high. Yet during the first 6 weeks the sample neutralized 
the: acidity that was introduced into the system. After this time the amount a 
_ of acidity produced exceeded the amount introduced. This may coincide with _ : 
: the total consumption of calcareous material during the neutralization process. 
In this case, though, the amount of calcareous material present was not sufficient a 


4 to inhibit oxidation; it simply provided neutralization of the acidity 
aan the end of the tests a reduction in the amount of acidity Bs Rony 
took place in the samples #9 and #10 that were leached with chee 
acid mine drainage (Figs. 3 and 4). Most probably this was due to a depletion 
“ Pyrite reaction sites o on n the sustaes of the grains. Unle Unless the e sample physically 


| 
Kee 
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decomposed, making new reaction surfaces, the samples will 
continue t to produce lessacid withtime. «= 
Although samples #9 and # 10 had the capability to produce acid (as expressed 
P _ by the high sulfur contents) the presence of calcareous material either inhibited q ay 
the oxidation reaction (sample #9) or neutralized the acid (sample #10). To > 
_ Maintain these potentially acid samples in a nonacid producing state, requires ” 
their immersion in a nonacid aqueous medium. The experimental data showed | 
: ‘that following a sustained acid bath, the samples, which hithertofore produced 
‘nonacid leachates, turned acid. Under field conditions, during burial or backfilling, _ 
_ these rock types should be segregated and capped \ with alkaline material to 
preserve the inhibitory calcium carbonate component and should not be blended ; 


_ This study showed that the rock’s capability to produce acidic leachates requires 


“the consideration of both the sulfur content and the amount of calcareous material _ 
present in the sample. These two components were used in conjunction with 
_ leaching tests to assess a stratum’s capability to produce acid or alkaline leachate. 


_ At the same time this study showed that the calcareous material present » 
samples serves, in some cases, to inhibit pyrite oxidation and, in others, to- 
neutralize the acidity produced. Those samples with critical sulfur- bev Tan 


ers contents generated acid after being leached for some time with an 


- Plots of ‘the hein characteristic, (whether the leachate was acid or alkaline) 
against the calcareous material content and sulfur values yielded a clustering — 
of samples into two distinct groups. In general, samples with NP values of Be 
_ more than 15 mg of CaCO, equiv per | g and sulfur contents less than 0.5% 
S can be expected to produce alkaline leachates, whereas samples with NP 
values of less than 2 mg of CaCO, equiv per | g and sulfur contents’ ~<a 
than 1.5% S can be expected to acidic leachates. Sat. 
yg However, for those samples that have critical calcareous material- sulfur ra ratios, 
- a simple balance of one component against the other to produce a “net it 
or base account’’ (8) to predict the acid potential, does not always yield a 
results. The Santos of acidity or alkalinity generation are not considered in 
this method. Furthermore, _ during the hot acid digestion, minerals other than 
calcium and magnesium carbonate are also degraded by the hot acid and appear 
_ These short comings must be considered in attempting | to predict the chemical : 
weathering attributes of those samples with critical calcareous material—sulfur 
Tatios. In this arena, a technique has been developed which utilizes a cold 
acid digestion and relates empirically derived weathering trends to whole rock 7 
analyses to produce tables that predict the potential leachate « quality | of a ‘sample 
(patent pending). In general, the use of the NP—sulfur analysis (8) is satisfactory =f 
: for the majority of the cases where the acid or alkaline production potential = 
of a geologic unit is clearly defined. However, in those terranes that contain — 
lightly buffered streams or where the geologic units have critical —— 
= material—sulfur tatios and the acid or alkaline production potential | is not a 
apparent, the more sophisticated, though time consuming, rock 
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assessment previously described should be 
On a term 1 basis this study showed that alkaline shale samples with 


#10, which showed a slight acid production toward the end of the tests, the ~ 
~ results showed that the simulated acid rain had little affect on the acceleration ae 
of acid production from these samples. However, it is quite possible that had 
the acid ra rain leaching been continued through | time, the ‘sample responses | would © 
Ah Barnes, H. L., and Romberger, S. B., “Chemical Aspects of Acid Mine meen” 


leached for some time with an n acidic leachant. With the exception of sample _ 
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ISCUSSIONS J 

Discussions may be submitted on ; any ‘Proceedings paper or technical note published in any 
Journal or on any paper presented at any Specialty Conference or other meeting, the Proceedings _ : 3 
of which have been published by ASCE. Discussion of a paper/technical note is open to 

; “al “anyone who has significant comments or questions regarding the content of the paper/technical - = 
note. Discussions are accepted for a period of 4 months following the date of publication 
7 of a paper/technical note and they should be sent to the Manager of Technical and Professional — 
Publications, ASCE, 345 East 47th Street, New York, N.Y. 10017. The discussion period may 
be extended by a written request from a discusser. 
‘The original and three copies of the Discussion should be submitted on 8-1 /2-in. .. (220-mm) 
by I1- -in. - (280-mm) white bond paper, - typed double- spaced with wide margins. The length of 


of manuscript including figures and tables); the editors will delete matter extraneous to the 7 
subject under discussion. If a Discussion is over two pages long it will be returned for shortening. 
All Discussions will be reviewed by the editors and the Division’s or Council’s “q-y oe 
- Committees. In some cases, Discussions will be returned to discussers for sowelling, or they 7 
may be encouraged to submit a paper or technical note rather than a Discussion. __ yr - 
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